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INTRODUCTION 
Water deficits directly or indirectly affect almost all 
the processes in the plant, and so have a profound influence 
on growth, development and yield. The effect of moisture 
stress on transpiration, water and mineral absorption, and 
photosynthesis has been well documented. The degree of reduc­
tion in these processes due to water stress varies with soils, 
climate, plant tissue, and stage of development. Transpira­
tion rate is a function of the potential gradient between the 
soil and the plant and the resistances offered by the plant, 
soil and boundary layer above the crop csuiopy. Water and 
mineral absorption are closely related to the shoot and root 
growth in response to the surrounding environment. Stomatal 
regulation of plant photosynthesis occurs through the control 
of diffusion of COg into the leaf. 
Recent research emphasizes the importance of using plant 
measurements, rather than soil indices, in evaluating the crop-
water status. The amount of water used by a growing crop is 
a complex function of several different factors. The status 
of water in the plants represents an integration of the atmos­
pheric demand, soil-water potential, rooting density and 
distribution, as well as other plant characteristics. Water-
loss from the leaves due to transpiration, and from the soil 
due to evaporation, is a resultant of the driving force pro­
vided by the physical environment. The amount and rate of 
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water availability to the plant is a significant function of 
the soil-water content. The effects of physical environment 
and soil-water potential on plant-water status are mediated 
by plant physiological conditions, principally stomatal dis­
tribution and activity. Plant measurements, such as leaf-
water potential, stomatal conductance, and leaf area should 
effectively indicate the dynamic changes in crop-water status 
in response to atmospheric demand and soil-water status. 
In view of these concepts, the present study has the 
following objectives: 
1. To evaluate three plant measurements, i.e., stomatal 
conductance, leaf-water potential and leaf area, as 
water-stress indicators for soybeans under field 
conditions 
2. To develop quantitative relations between the shoot 
and root growth of soybeans 
3. To determine the effects of moisture stress on 
growth rates and dry matter accumulation of soybeans 
4. To ascertain the root growth - nutrient uptake rela­
tionships in soybeans and the reduction in nutrient 
accumulation due to water deficits. 
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LITERATURE REVIEW 
Maintenance of a favorable plant water status is an 
essential prerequisite for favorable growth, nutrient accumula­
tion, and higher yields of crops. The influence of soil water 
potential in the root zone, and the atmospheric evaporative 
demand on plant water status is tempered by plant physiological 
conditions, principally stomatal distribution and activity. 
Hence in the soil-plant-atmosphere continuum, it is essential 
to examine and analyze the influence of each factor, so that 
valid conclusions can be drawn regarding the importance of each 
factor. The review presented here is divided into six sections. 
1. Plant measurements as indicators of water stress 
2. Stomatal diffusion resistance, its importance and 
factors affecting stomatal diffusion resistance 
3. Leaf water potential, its importance and factors 
affecting leaf water potential 
4. Effect of moisture stress on growth and dry matter 
accumulation 
5. Top and root relations of soybeans 
6. Nutrient accumulation in soybeans 
Plant Measurements as Indicators of Water Stress 
The response of crop foliage to changes in the amount and 
status of soil water in the root zone is far from completely 
understood. Physiological processes within the plants depend 
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on plant water status; however, supplemental water for crops 
has been scheduled primarily from soil moisture and not plant 
water measurements (Halse and Hagsm, 196?t Shockley, I966). 
Kramer (1963) concluded that too much emphasis has been placed 
on soil-water status and too little on plant-water stress. 
Measurements of soil-water content or soil-water stress cannot 
themselves supply adequate information to evaluate the effects 
of water supply on plant processes and crop yields. 
The status of water in the plants represents an integra­
tion of atmospheric demand, soil-water potential, rooting 
density and distribution, as well as other plant characteris­
tics (Kramer, I969). Therefore, to obtain a true measure of 
plant-water deficit, the measurement should be made on the 
plant and not in the soil or atmosphere. 
Water flow in the plant occurs through a potential gradi­
ent between the soil and the plant, culminating in the vapor­
ization of water through the stomates into the atmosphere 
(Cowan, 1965; Kozlowski, I968). Transpiration rate is con­
trolled by water-potential gradient and the resistances in the 
plant. As the water deficit develops in the leaf, leaf-water 
potential decreases, and the stomatal resistance increases. 
Practical thermocouple psychrometers, described by 
Monteith and Owen (1958), and Richards and Ogata (1958), 
stimulated interest in the measurements of water potential to 
indicate water status in the plant. Further advancements made 
in the measurement of water potential through pressure chambers 
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(Scholander et al., 1965)» and thermocouple psychrometers 
(Barrs, 1968; Boyer, 1969; Brown and van Haveren, 1974; Kramer 
and Brix, 1965) made it possible to make reasonably accurate, 
simultaneous, nondestructive measurements of the water poten­
tial of leaves, roots and soil. 
It is well documented that stomatal closure is the main 
cause for transpiration decline as water stress develops. Much 
of the early confusion on the cause of this decline was clari­
fied by the introduction and use of resistance network analy­
sis (Kuiper, 1961; Raschke, 1958, I96O). Gardner (1970) stated 
that stomatal resistance would seem to be the single, most 
useful, measurement for evaluation of the water factor in 
agroclimatology. A major contribution was the development of 
diffusion porometers with which diffusion resistance of leaves 
can be measured (Grieve and Went, 1965; Kanemasu et al.. 1969; 
van Bavel et al., 1965; Wallihan, 1964). 
Recording a clear-cut increase in the stomatal resistance 
with increase in soil moisture stress, Al-Ani and Bierhuizen 
(1971) concluded that stomatal resistance could be considered 
as an excellent criterion in estimating the water deficit in 
the plant. According to Ehrler and van Bavel (I967), measure­
ment of stomatal resistance is a logical method to characterize 
the plant response to soil-water depletion. With field studies 
on sorghum, Kanemasu et al. (1973) showed that stomatal resis­
tance changed more than either leaf or soil-water potential 
in response to moisture stress. 
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Clark and Hiler (1973) used leaf-water potential, leaf-
diffusion resistance and leaf-air temperature differential as 
plant measurements to indicate crop-water deficit. They con­
cluded that leaf-diffusion resistance was the least responsive 
and leaf-water potential was the most responsive. Brady et al. 
(1974) reported that soybean leaf-water potential could be 
effectively used as a moisture-stress indicator during the 
vegetative stage as well as podding stage. 
Boyer (1968) suggested that cell enlargement is more sen­
sitive than photosynthesis to reduced leaf-water potential. 
Wardlaw (I969) showed that carbon fixation and leaf elongation 
are affected similarly at moderate leaf desiccation and that 
elongation is more strongly inhibited than photosynthesis at 
low leaf-water content. Boyer (1970b) asserted that major 
changes in leaf enlargement occurred within a 2-3 bar interval, 
with maximal rates of enlargement at about I.5 to 2.5 bars, 
and with strongly inhibited rates at 4 to 5 bars. Mederski 
et al. (1973) concluded that leaf area is the best measure of 
the photosynthesizing capacity of the plant. The above dis­
cussion points to the definite possibility of using the changes 
in leaf area with time as a plant measurement to indicate 
water stress. 
Another commonly used indicator of plant-water status is 
relative water content or RWC (Weatherly, 1950). which at one 
time was less accurately termed relative turgidity. RWC is 
the water content (on a percentage basis) relative to the water 
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content of the same tissue at full turgor (after floating on 
water to "constant" weight). Clearly. RWC is related to water 
potential of the same tissue, though the relationship is de­
pendent on species and stage of growth (Connor and Tunstall, 
19681 Gardner and Ehlig, 1965; Knipling, I967; Millar et al., 
19681 Sanchez-Diaz and Kramer, 1971), on long-term alterations 
induced by the environment (Jarvis and Jarvis, 1965)t and 
possibly even on short-term, water history of the plant 
(Jordan and Ritchie, 1971). 
Tissue water content (percent of fresh weight) and fresh 
weight have also been used as indicators of water status. They 
are unsatisfactory, since the water content or fresh weight of 
tissue at full turgor is normally not given as a reference. 
Hence, quantitative comparisons of stress severity among dif­
ferent materials are not possible. 
Still less direct, but sometimes useful indicators of 
plant-water status, are leaf thickness and stem diameter. 
g-ray gauging of relative leaf thickness (Barrs, I968) allows 
a virtually continuous and nondestructive estimation of water 
status when properly calibrated against leaf-water potential 
or RWC. 
Stomatal Diffusion Resistance 
Importance of stomatal diffusion resistance 
Transpiration is directly proportion to the gradient of 
water vapor concentration from the internal evaporation surface 
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to the bulk air outside the leaf, and inversely proportional 
to the total resistance to water vapor transport of the air 
boundary layer and of the leaf. Since stomata control only 
part of the total resistance, their closure will vary in ef­
fect with the magnitude of stomatal résistance relative to the 
boundary layer resistance and culticular resistance. 
Intensive studies (Troughton, I969; Troughton and Slatyer, 
1969; Boyer, 1970b; Slatyer, 1970) have provided evidence that 
the observed reduction in net photosynthesis with increasing 
stress can be completely attributed to stomatal closure until 
severe stress exists. Hesketh (I968) postulated that there may 
be two factors limiting the photosynthesis of leaves, the COg 
diffusion resistance and the biochemical reactions inside the 
leaf. The similarity of the effect of water stress on the 
rates of transpiration and photosynthesis (Brix, I962), and the 
close phase relationship between oscillations of photosynthesis 
and transpiration (Troughton, I969), both point to a dominant 
stomatal control of transpiration. 
There is increasing evidence that stomatal closure, di­
rectly by impeding COg supply and indirectly by increasing 
leaf temperature, is the mechanism by which water stress first 
leads to reduced net photosynthesis under field conditions. 
As stress becomes most severe and more protracted, direct ef­
fects will be observed (Slatyer, 1970). According to a number 
of authors (Harris, 1973; Dube et al., 1974; Neumann et al., 
1974; Turner and Incoll, 1971), the photosynthetic rate was not 
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affected below a critical resistance level but decreased 
rapidly if the stomatal resistance was greater than the 
critical resistance. Hatfield (1975) reported that reduced 
COg uptake occurred through stomatal closure, as evidenced 
by increased stomatal resistance. Brown and Rosenberg (1970) 
have shown that for sugarbeets, small decreases in soil-water 
potential may lead to partial stomatal closure and thereby re­
duce the photosynthetic rate. 
By forcing air through the leaf at constant rate to over­
come the effects of change in stomatal resistance accompanying 
changes in leaf-water deficit, Mederski et al. (1975) con­
cluded that the inhibition of net COg assimilation with in­
creasing leaf-water deficit is a consequence of an increase 
in the diffusive resistance to gas exchange and not of a change 
in apparent mesophyll resistance. The increasing importance 
of the measurements of stomatal resistance was pointed out by 
Brown (I969) who suggested that amy attempt to calculate the 
photosynthetic rate of a leaf should include the components 
of leaf resistance to CO2 diffusion. 
Factors affecting stomatal resistance 
The status of stomata in a plant or leaf is dynamic and 
changes in response to many environmental factors and endoge­
nous factors. 
light The total resistance of the leaf follows a di­
urnal pattern of behavior, with higher resistances during 
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periods of darkness and lower resistances during periods of 
light. Stomatal resistance has been shown to be a definite 
function of light intensity (Ehrler and van Bavel, I968} 
Kanemasu suid Tanner, I969). Turner (1970) reported that, in 
well-watered crops, light is a primary determinant of stomatal 
resistance. Turner and Begg (1973) observed that in maize, 
sor^ um and tobacco in the field at high soil-water potentials, 
the diurnal range in stomatal resistance was primarily the 
result of the change in incident radiation. 
Hsiao et al. (1973) reported that visual light saturation 
is achieved for abaxial Vicia faba stomata at about 0.04 ly/ 
min, equivalent in energy to about yf» of full sunlight. 
Kanemasu and Tanner (I969) showed li^ t saturation of stomatal 
opening at of full sunlight, while Kuiper (I96I) observed 
saturation around 10^  of sunlight equivalent. However, mild 
stress seems to increase the light saturation values for 
stomatal opening (Hansen, 1971; Hsiao, 1973)* 
Dale (1961) showed that stomatal opening of cotton leaves 
was highly correlated with solar radiation within a day. In 
laboratory experiments, Gaastra (1959), Kuiper (I96I), and 
Slatyer and Bierhuizen (1964) observed stomatal resistances to 
decrease rapidly with increased illumination* Stomatal resis­
tances of crop canopies have been found to increase in the 
lower portion of the canopy (Brown and Covey, I966; Denmead, 
19661 Hatfield, 1975; Impens et al., 1967; Kanemasu and Tanner, 
1969; Lemon, I968; Stigter, 1974; Turner, I969). This 
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decrease was attributed to diffuse li^ t extinction in the 
canopy (Monsi et al., 1973). Brown and Rosenberg (1970) re­
ported that there was a lack of dependence between leaf age 
and stomatal resistance and that the amount of leaf illumina­
tion controlled the stomatal resistance. 
Leaf surface Stigter (197^ ) pointed out that one is 
dealing with the resistances of a leaf surface, with the re­
striction in mind that there exist differences between upper 
and lower sides of the leaf and between leaves at different 
heights within the same canopy. 
Kanemasu and Tanner (I969) have shown that the adaxial 
side of the leaf in snapbeans has a seven times greater leaf 
resistance than the abaxial side. Teare and Kanemasu (1972) 
noted that the adaxial resistance was always greater than the 
abaxial resistance for all canopy positions. Shimshi (I963) 
reported that the differential stomatal response of the 
adaxial and abaxial surfaces of cotton leaves became evident 
only when soil moisture decreased. As moisture stress in­
creased, the adaxial surface tended to close earlier, and at 
a lower moisture stress, than the abaxial stomata. Pallas 
et al. (1967) found no such difference. 
However, with field studies on sorghum and com, Turner 
(1970) observed no differences in response between the adaxial 
and abaxial stomata to illumination. Heichel (1972) observed 
that the gradients of adaxial and abaxial resistances produced 
a nearly constant mean leaf resistance. 
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Canopy depth Kanemasu and Tanner (1969) have shown 
that the upper leaves in the canopy had a lower stomatal re­
sistance than the bottom leaves. They believed this was due, 
in part, to a physiological adaptation, which allowed the 
young meristematic portions of the plant to continue photo­
synthesis, at the expense of the older leaves. Stevenson and 
Shaw (1971) found that the overall resistance of the leaf was 
always greater for the leaves in the middle of the canopy than 
for the leaves in the upper surface of the canopy. 
Felch (1970) also observed that the upper portion of the 
canopy had a lower stomatal resistance than the lower portions 
of the canopy. Within the two varieties under consideration, 
Hark and Rampage, Hatfield (1975) concluded that the stomatal 
resistance increased with increasing depth in the canopy. 
Air temperature Dale (I96I) showed stomatal opening 
to increase with air temperature. This was especially evident 
in the stomata on the upper surface of the leaf. This rela­
tionship held only when the soil moisture supply was adequate. 
In leaves with low relative water content, the effects of 
water stress tended to override those due to other factors. 
Walker and Zelitch (I963) noted that the stomatal aperture in 
tobacco leaves at 10 C was approximately a third of that 
observed at 30 C. Under laboratory conditions, Moss (I963) 
found the stomatal apertures of corn leaves to increase from 
2 to 14 C to 6.5 at 40 C. Hsiao (1975) concluded that the 
direct effect of a few degrees of change in temperature on 
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stomata would not be pronounced, unless the change occurred 
at the two extremes of the growing temperature range. But the 
indirect effect of the temperature on stomatal aperture was 
considered important. For example, a steep gradient of water 
vapor concentration from leaf to air, brought about by a rise 
of a few degrees in leaf temperature, may accelerate tran­
spiration and cause a water deficit in the leaf sufficient to 
partially close stomata. 
Leaf-water deficit Leaf-water deficit is another 
factor affecting stomatal aperture and leaf resistance to gas 
flow. Water deficits can clearly exert a direct effect on the 
stomatal aperture.by their effect on the relative and absolute 
turgor levels in guard cells and surrounding cells (Allerup, 
I96I; Ehlig and Gardner, 1964; Meidner, 1955» Stalfelt, I96I). 
Transpiration rates are controlled by leaf resistances. De­
creases in transpiration with the onset of water stress, under 
constant microclimate conditions, are caused by increases in 
leaf resistances (Baker and Musgrave, 1964). Cox and Boersma 
(1967) observed leaf resistances of white clover seedlings 
increased with increases in soil-moisture tension. It can be 
inferred from results of many workers (Denmead and Shaw, 1962; 
Laing, I966; Pallas et al., 1965; Pallas et al., 1967; van 
Bavel, 1967) that leaf resistance increased with increasing 
soil-water potential. 
Brix (1962) suggested that water stress effects influ­
enced diffusive resistance through stomatal opening or by 
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controlling the diffusion rate of COg through the mesophyll 
cells. Dale (I96I) has noted the leaf resistance in cotton 
leaves with high turgidity to be significantly lower than in 
less turgid leaves. Shinn and Lemon (1968) have indicated 
that water stress caused partisil stomatal closure of the upper 
leaves which resulted in reduced growth rates and reduced dry 
weight gains. Stevenson and Shaw (1971) found a curvilinear 
relationship between daily means of leaf relative water content 
and leaf resistance. 
Ehrler and van Bavel (I967) noted that leaf resistance 
values were considerably higher throughout the day under low 
soil moisture conditions. This higher leaf resistance was 
attributed to an internal water deficit strong enough to 
counteract the stomatal opening effect of light. Kanemasu and 
Tanner (I969) reported that for snapbeans the adaxial and 
abaxial surfaces of the leaf respond differently to water 
deficits in the leaves with the adaxial surface being more 
responsive. Sharpe (1973) noted that, for cotton plants, the 
adaxial stomata were more responsive to changes in leaf-water 
potential than were the abaxial stomata. Brady et al. (1975) 
reported that the adaxial stomata of soybeans were more re­
sponsive than the abaxial to changes in soil-water content. 
Boyer (1970b) observed that in soybeans the transpiration 
was unaffected at leaf-water potentials above -10 bars but 
began to drop rapidly as leaf-water potential decreased below 
this point. Dube et al. (1974) found that for inbred lines of 
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corn, transpiration was independent of leaf-water potential 
above -7 to -8 bars, but was reduced rapidly as leaf-water 
potential decreased below this point. 
Relative humidity Low atmospheric humidity can cause 
some stomatal closure. Earlier evidence indicated that the 
humidity effect is indirect and mediated through an accelerated 
transpiration and a resultant poor leaf-water balance (Meidner 
and Mansfield, I968; Raschke and Kuhl, I969). Later data 
showed that in some species a low absolute humidity causes 
stomatal closure that is independent of the bulk water status 
of the leaf (Lange et al., 1971; Schulze et al., 1972). 
Leaf-Water Potential 
Importance of leaf-water potential 
The water potential of plant tissue has become a standard 
means of expressing plant-water response in modern literature. 
There is no universal relationship between plant-water stress 
and soil-moisture level because water absorption is mostly 
dependent on soil factors, while water loss through transpira­
tion is dependent mainly on meteorological parameters. There­
fore, plant-water balance depends on the relative rates of 
water absorption and water loss rather than on the level of 
soil moisture alone. An incefficient understanding of this 
principle may lead to severe misinterpretation of plant-water 
relationships and of irrigation experiments with crops grown 
in the field under conditions of severe moisture stress. This 
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may be supported by the work of Letey and Peters (1957) who 
have found the total amount of water used by maize cannot be 
taken as a reliable criterion for yield responses of this crop 
because the soil water absorbed was closely related with the 
climatic conditions prevailing at each growing season. 
Denmead and Shaw (1962) reported that the soil moisture 
at which the relative transpiration rate decreased varied from 
23^  (soil moisture by volume) when the potential transpiration 
rate was 1.4 am per day to 3^  ^when the potential transpiration 
rate exceeded 6 mm per day. Hence, there is a great need to 
closely monitor the plant-water status in relation to soil-
water conditions and atmospheric demand. Rawlins and Raats 
(1975) reported that many plant processes are sensitive to 
water stress that reduced leaf-water potential by less than -10 
bars. 
Johnson et al. (197^ ) reported that the rates of net 
photosynthesis and transpiration of both ring leaves and ears 
decreased linearly with decreasing leaf-water potential. 
Sullivan and Brun (1975) showed that, under water stress, 
soybeans exhibited lower leaf-water potentials and photosyn-
thetic rates. Clark and Hiler (1973) showed that leaf-water 
potential was more responsive to changes in plant-water status 
than either leaf-diffusion resistance or leaf-air temperature 
differential. Brady et al. (1974) reported that estimation of 
plant-water potential is a possible aid in irrigation 
scheduling. 
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Factors affecting leaf-water potential 
The base level of water potential on any day for a given 
species will vary according to age or stage of growth, the 
prehistory, and the external environmental conditions prevail­
ing, i.e., soil-water potential. Superimposed upon this base 
level of water potential is a diurnal variation in response to 
the external environment. This diurnal response is caused by 
the lag of absorption of water behind transpiration. Tran­
spiration is governed by atmospheric factors such as radiation, 
air temperature, relative humidity and wind speed, and water 
absorption is governed partly by soil factors, including water 
content and unsaturated conductivity. 
Fillipov (1959) measured the water potential of cotton 
leaves in the early afternoon, and found that variations in 
leaf-water potential could be accounted for by variations in 
soil water, ambient temperature and relative humidity. Namken 
(1964) showed that relative turgidity of cotton leaves in mid-
aftemoon was similarly related to soil and atmospheric fac­
tors. Klepper (1968) measured the diurnal variation in water 
potential of leaves and fruits and found that the daily varia­
tions in plant-water status were closely related to radiation 
load, or stress, while at night the plant-water potential re­
flected the soil-water status. These results indicate that, 
during the day, roots could not absorb water fast enough to 
replace that lost by transpiration, even as the potential 
gradient increased. 
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Waring and Cleary (I967) showed that with adequate soil 
waterf plant-water potential reached -20 bars, even when soils 
were near field capacity if the radiation load was suffi­
ciently high. Reicosky et al. (1975) also indicated that 
leaf-water potential was closely related to the diurnal change 
of incoming energy. The minimum value, which occurred during 
the peak radiation load, or stress, was dependent on soil-
matric potential and stage of development. Their results 
demonstrate the need to evaluate the influence of environmental 
stresses and soil-water deficits on leaf-water potential and 
associated physiological processes. 
Brady et al. (1974) reported that the minimum values of 
leaf-water potential were dependent on atmospheric evaporative 
demand, as well as soil-water potential, and so there were 
different leaf-water potential values with a common soil-water 
potential value. Smart and Barrs (1973) described empirical 
relationships between leaf-water potential and radiation, 
temperature, and saturation vapor deficit by multiple regres­
sion analysis. The model accounted for up to of the di­
urnal variation in leaf-water potential. For all species, 
insolation was the most important environmental parameter. 
Stanley and Taylor (C. D. Stanley and H. M. Taylor. 1976. 
Leaf water potential modelling for soybeans using meteorologi­
cal data. Agron. Abstr. 1976: 12) found that hourly solar 
radiation and temperature were the most significant variables 
affecting the leaf-water potential. Stansell et al. (1973) 
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concluded that clouds can cause significantly different changes 
in plant-water status in a short time. Therefore, they cau­
tioned that care should be taken to sample different treatments 
under comparable radiation. 
Effect of Moisture Stress on Growth and Dry Matter Accumulation 
All plant processes take place in the aqueous medium, and 
water is involved as a transpiring agent and as a reactant 
in many of these processes. Therefore, moisture stress so 
severe as to cause the cells to become flaccid must affect al­
most all physiological processes (Rook, 1973)» The review up 
to this point has shed some light on some of the physiological 
alterations brought about by moisture stress. But as Hsiao 
(1973) observed, the finding that cell growth is generally more 
sensitive to water stress than stomatal opening and COg assimi­
lation is directly applicable to the analysis of total dry 
matter in relation to stress. 
Growth components 
The growth and development of a plant depends, in simple 
terms, on continuing cell division, on the progressive initia­
tion of tissue and organ primordia, and on the differentiation 
and expansion of component cells until the characteristic form 
of the plemt is realized (Slatyer, 1970). Cell division has 
been shown to be less sensitive to water stress than cell en­
largement (Slatyer, 1967? Slavik, 1965; Vaadia et al., I96I). 
Reviewing the effect of moisture stress on cell division, 
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Hsiao (1973) concluded that cell division, like cell enlarge­
ment, can be inhibited by rather long exposure to mild water 
stress. 
Cell enlargement is affected at very slight stress levels 
(Hsiao et al., 1970). Slatyer (1970) concluded that reduction 
in cell enlargement is the main cause of stunting, which is 
perhaps the most common sign of water stress under field con­
ditions. A progressive decline in rates of cell enlargement 
was observed as water deficits developed, with enlargement 
ceasing when turgor pressure levels were still at the level of 
several bars (Stransky and Wilson, 1964; Boyer, I968, 1970b). 
Leaf area The effect of stress on growth tends to be 
most pronounced in those tissues which are in rapid stages of 
development (Williams and Shapter, 1955; Gates, I968). A key 
implication to final biological yield follows from the effect 
of reduction in cell expansion on total leaf area. This re­
duces the size of the photosynthesizing surface and csui be 
expected to reduce crop growth rate unless leaf area is not 
limiting net assimilation rate (Slatyer, 1970). It has been 
observed that a reduction in the leaf area is more important 
than a reduction in net assimilation rate in causing decreased 
crop growth, when water stress occurs under field conditions 
(Watson, 1952). Gates and Bonner (1959) and Asana and Saini 
(1958) have also shown the effects of soil-water stress in re­
ducing leaf area. Such observations have also been noted when 
water stress was imposed during the vegetative stage in com 
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(Denmead and Shaw, I960; Nichiporovich and Vlasova, I96I), 
in barley (Orchard, i960), and in lupine (Jarvis and Jarvis, 
1963). Fischer and Hagan (1965) concluded that crop growth 
rate appears to be sensitive to water stress because leaf area 
is more sensitive to water stress. Plant-water stress general­
ly hastens senescence (Milthorpe, 1945; Asana, I96O). 
Stem elongation Slatyer (1957) found that a marked re­
duction in stem elongation occurred at about 10 atm of soil 
moisture stress under greenhouse conditions. Hagan et al. 
(1957) found that total green weight production and shoot 
elongation in Ladino clover were reduced significantly with 
decreasing soil moisture. Similar reductions in stem elonga­
tion have been reported by Blair et al. (1950) and Furr and 
Reeve (1945). 
Growth rates Mare and Palmer (1976) noted that the 
total number of leaves produced by the primary stem of sun­
flower was reduced when water stress was imposed over a period 
of 10 days. Water stress reduced both net assimilation rate 
and leaf area index and thus crop growth rate. Irrigation 
increased the crop growth rate and dry matter yield by increas­
ing the leaf area index. 
Floral and seed initiation From the data of Husain 
and AspinsJLl (I97O), it can be concluded that if the stress 
is severe, or prolonged, the total number of floral primordia 
may be substantially reduced. Phillis (1956) and Alvin (i960) 
suggested that water stress may influence both the initiation 
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phase and subsequent development of floral structures. Nicholls 
and Kay (1963) observed that prolonged stress at the stage of 
floral initiation could markedly reduce the potential number 
of grains per ear in barley. 
From the stage of floral initiation to fertilization of 
ovules, a number of processes connected with the development of 
inflorescence are likely to be sensitive to water stress, and 
thus cause a reduction in the number of grains per ear 
(Aspinall et al., 1964; Bingham, 196?; Denmead and Shaw, i960). 
Mare and Palmer (1976) have shown that floral initiation is 
delayed by 4 days by water stress. 
Stress at anthesis can markedly reduce fertilization and 
grain set in most cereals. Perhaps the most sensitive crop at 
this stage appears to be com (Robins and Domingo, 1953» 
Denmead and Shaw, i960), reductions in yield of over 50# 
being caused by relatively brief periods of wilting. 
Yield Imposing short-term, moderate water stress on 
plants grown outdoors in large potometers, Shaw and Laing 
(1966) estimated the sensitivity of soybean yield to stress at 
various stages. Stress during the flowering period resulted in 
a significant reduction in the number of pods in the lower part 
of the plant. A large decrease in the number of pods in the 
upper part of the plant occurred when stress was applied during 
midpod development. Water stress during the bean-filling stage 
interfered with the pod-filling process, resulting in a reduc­
tion in the number of beans filled. 
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Doss et al. (1974) found the pod-fill stage to be the 
most critical time for adequate water for maximum yields. 
Yields from adequately watered crops were 24-55^  higher than 
where water was limiting throughout the growing season. In 
investigating the yield response of soybean varieties grown 
at two moisture levels, Mederski and Jeffers (1973) observed 
that under high moisture stress conditions, the yield of the 
moisture stress-resistant varieties was reduced by about 20f6, 
while the yield of the least stress-resistant varieties was 
reduced by about 40#. Mingeau (1975) reported that a period 
of stress lasting 12 days during most of the vegetative stage, 
gave yield decreases of 25-30#* Doubling this period of 
stress during flowering decreased yields by 50#. 
Top and Root Relations of Soybeans 
Yield of soybeans is a function of many plant and environ 
mental factors which are often interrelated. Shoot growth and 
development is intimately related to the distribution of roots 
and to the ability of roots to supply water and nutrients to 
the shoot system. Several authors (Kolier et al., 1970; 
Hanway and Weber, 1971a, 1971b; Egli and Leggett, 1973) have 
studied dry matter accumulation and analyzed the growth pat­
terns of soybean tops. Others (Borst and Thatcher, 1931; 
Mitchell, 1969; Raper and Barber, 1970; Mitchell and Russell» 
1971) have studied the rooting habits and root morphology of 
soybeans. However, due to lack of shoot and root data at the 
24 
same location, no specific relations between shoots and roots 
could be drawn. 
Mayaki et al. (1976) described top and root growth of 
irrigated and nonirrigated soybeans. Root growth increased 
faster than plant height. At physiological maturity, 6?^  of 
the soybean root dry matter was in the 0-15 cm layer and 8995 
in the 0-90 cm layer of the irrigated soil compared with 51?^  
in the 0-15 cm layer and in the O-9O cm layer of the non-
irrigated soil. 
No data regarding the distribution of the length of the 
roots with depth and time were available in the study of Mayaki 
et al. (1976). Quantitative data regarding root lengths and 
leaf area should facilitate the description of specific rela­
tionships between roots and shoots. 
Nutrient Accumulation in Soybeans 
Nutrient elements are distributed over the various parts 
and redistributed among newly formed organs as the plant grows 
and produces seed. Nutrient solution work by Leggett and 
Frere (1970) showed a slow rate of nutrient accumulation in 
various stages of growth, with rapid increase at the beginning 
of flowering, followed by a relatively constant accumulation 
rate until senescence. Henderson and Kamprath (1970) described 
a progressively increasing rate of nutrient accumulation 
through the stage of early growth, vegetative growth and early 
seed formation. 
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Hanway aind Weber (1971c) showed increasing rates of 
nutrient and dry matter accumulation prior to bloom. Between 
full bloom and green bean stage, nutrient accumulation was 
characterized by a linear section and, after the green bean 
stage, nutrient accumulation decreased to zero. The sharp in­
crease in the rate of nutrient accumulation during early 
bloom was confirmed by Harper (1971)» 
According to Hanway and Weber (1971c), approximately 40# 
of N, 45# of P and 4o# of K were absorbed after the beginning 
of bean formation when the vegetative plant parts barely 
reached their maximum content. Change in the flow of nutrients 
from the vegetative to reproductive organs after bloom may be 
rather gradual. Scott and Aldrich (1970) pointed out that at 
seed filling stage, soybeans have taken up 70# of their total 
K, 60# of their N and P. 
Hammond et al. (1951). Hanway and Thompson (I967), Hanway 
and Weber (1971c), Henderson and Kamprath (1970) and Harper 
(1971) have reported that cumulative nutrient uptake versus 
time curves were very similar to the corresponding dry matter 
uptake curve for N, P and K, especially until within one month 
of seed maturity. 
Weather conditions have a profound effect on the nutrient 
absorption and growth. During periods of drought, plant roots 
reduce the moisture contained in the surface soil until further 
growth and nutrient absorption are inhibited by lack of water 
(deMooy et al., 1973). Brown (1953) pointed out the possi-
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bility that a low-soil-water content and high, soil-moisture 
stress, may limit growth by restricting ion absorption. 
Masujima (1963) found that when the soil moisture content 
was varied from permanent wilting point to 1/3 atm tension, 
the N, P, K and Ca uptake of two- and six-week-old soybean 
plants increased. Costache (I966) observed that the N re­
sponses were larger when the moisture content was kept at 
66^  of field capacity prior to flowering rather than at 33#* 
Water stress at flowering or seed formation reduced the N 
response and yield. Phosphorus responses were largest at high 
moisture level of the soil. 
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MATERIAIS AND METHODS 
The experiment was conducted in 1975 and 1976 on Ida silt 
loam soil (fine, silty, mixed (calcareous) mesic family of 
Typic Udorthents) at the Western Iowa Experimental Farm, 
Castana, Iowa. The plot areas faced west with about an 8# 
slope. Some soil chemical characteristics of the plot areas 
are listed in Table 1. Soil physical data as described by 
Willatt and Taylor (1977) are shown in Table 2. 
Plot Layout 
The experiment was laid out in a randomized block design 
with four replications. Each replicate consisted of two plots, 
one plot in which the interrow strips of soil were covered with 
a 4 mil black plastic film, and the other plot left uncovered. 
Steel staples were used at one-foot intervals to firmly secure 
the plastic film on the ground around the base of the soybean 
plants. For the sake of simplicity, the treatments will be 
referred to as "covered" and "uncovered" to identify the black 
plastic and bare plots, respectively. The purpose of the 
black plastic cover was to alter the soil-water status under 
field conditions by preventing the rainfall from seeping into 
the ground and by reducing the evaporative losses of soil water. 
The uncovered plots were given two irrigations on July 12 and 
July 21 in 1976, each measuring 5-6 cm of water in depth. 
Irrigations facilitated the provision of a range of moisture 
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Table 1. Soil chemical properties by depth increments^  
Organic Available Available 
Depth matter Soil P K 
m 9^  pH kg/ha. k^ ha 
0-0.15 1.4 8.0 49 129 
0.15-0.30 1.0 8.0 20 81 
0.30-0.60 0.6 8.1 10 90 
o^wa State Soil Testing Laboratory procedures. 
Table 2. Soil physical data by depth increments 
Depth 
m 
Sand 
>50 n 
•
H
 
1 
0
 V 
Bulk 
density 
ks^ m^ xl0~3 
Surface 6 75 19 1.289 
0.25 7 77 16 1.247 
0.50 8 78 14 1.201 
0.75 8 78 14 1.247 
1.00 9 78 13 1.243 
1.25 9 81 10 1.259 
1.50 10 80 10 1.274 
1.75 10 80 10 1.290 
2.00 10 80 10 1.289 
2.25 10 80 10 1.289 
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stress conditions on the soybean growth. 
Individual plots were $0 m long and seven rows (100 cm 
apart) wide. Fifteen-meter segments of three inner rows were 
staked off for final seed yield determination. The four outer 
rows were used for leaf area and dry matter sampling and for 
other experimental measurements. The plan of the layout is 
shown in Fig. 1. 
During 1975. concentrated superphosphate, 20^  P, was 
applied on April 20 at the rate of 644 kg per hectare and 
disked into the upper 3 to 5 cm of the soil surface. No 
potassium or nitrogen was applied. No fertilizers were applied 
during 1976. Inoculated "Wayne" cultivar soybeans were planted 
in east-west rows on May 12 in 1975 and 1976. Immediately 
after planting, chloramàben herbicide was sprayed on the soil 
surface at the recommended rate. Because weed control by the 
herbicide was unsatisfactory, weeds were hand hoed several 
times during the growing seasons. 
Plant Observations 
Growth measurements 
Above-ground, whole plants were sampled at weekly inter­
vals beginning at the 4-node stage. On each sampling date 
10 plants were randomly selected from each replicate. Stage 
of development was determined as described by Fehr et al. 
(1971). After plant height was measured, each plant was 
separated into leaves, petioles, stems, pods, and seeds. Leaf 
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Fig. 1. Plan of the experimental plot layout 
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area of each plant was measured with a M-COR portable leaf 
area meter (lAMBDA Instruments Corporation, Lincoln, Nebraska). 
The number of leaves on each plant was also counted at the 
same time with a hand counter. Plant parts were dried to 
constant weight in a forced draft oven at 65c and then weighed. 
Final seed yield was detexmined by harvesting 1^ -m segments 
of three inner rows in each plot. 
Root measurements 
Root samples were obtained during 1976, using the external 
frame technique of Nelson and Allmaras (I969). Since the pur­
pose of this part of the experiment was to draw quantitative 
relationships between shoots and roots, sampling was confined 
to the uncovered plots. The July 8 and July 25 rooting data 
were obtained from the uncovered plots. However, the movement 
of the machinery and extraction of the soil block required 
about 24 m of plot area each time the roots were extracted. 
Because of space limitations, the other three root samples 
were obtained on 100-cm row widths of an adjoining experiment 
where 25-, 50-, 75-, and 100-cm row spacings were evaluated. 
No major differences were observed in growth, stage of devel­
opment, or soil profile characteristics between these two 
areas where root samples were obtained. 
Soil blocks 30 cm along the row, 100 cm centered across 
the row, and 180 cm deep were isolated from the surrounding 
soil, and then extracted. Rows of 30-cm long pins were driven 
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through holes in the plywood side of the frame and throu^  the 
soil block. Spacing of the pins within a row and between 
rows was at 7.5 cm intervals to 60 cm, and at I5 cm intervals 
thereafter. After the pins were in place, the soil block was 
laid on its side in a tank of water and submerged for several 
hours. Two rectangular-pattern oscillating sprinklers were 
suspended about 70 cm above the water surface. The water line 
was gradually lowered as water from the sprinklers washed the 
soil from the partly submerged block. Several hours of 
sprinkling were required before only root material and debris 
remained. Debris and roots from previous crops were care­
fully removed by hand. The root system was sectioned by depth 
increments as indicated by the pin spacings. The root material 
was stored in a volumetric mixture of 90^  water and 10^  iso-
propyl alcohol until the root length could be measured. 
Root length in each sample was measured by using the 
laser modification (J. F. Andrew, Ames, Iowa, private communi­
cation) of the root length instrument described by Rowse and 
Phillips (1974). After the root lengths were measured, the 
root samples were dried at 6OC and weighed. 
Stomatal resistance measurements 
Stomatal resistance measurements were taken with a dif­
fusion porometer as described by Kanemasu et al. (I969). The 
porometer was calibrated before field measurements. 
Resistance measurements were taken twice weekly during the 
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growing seasons in 1975 and 1976. Measurements on any day were 
taken from 0600 to 2000 hours at 2-hr intervals. At each time 
interval, measurements were taken in each plot of two repli­
cates on four topmost, unrolled, trifoliate leaves to avoid 
mutual shading and senescence effects on stomatal resistance 
that may occur in the lower leaves. Adaxial and abaxial 
(R^ b^  measurements were taken on the same leaflet. The total 
leaf resistance (R^ eaf^  was calculated by the fonnulai 
l^eaf a^d a^b 
Stomatal resistance measurements were also made within 
selected layers within the canopies. The selection of any leaf 
within a canopy layer was random. Stomatal conductance is ex­
pressed as the reciprocal of the leaf stomatal resistance. 
Leaf-water potential measurements 
Leaf-water potentials were always measured in conjunction 
with the stomatal resistance measurements, using a pressure 
chamber (Scholander et al., 1965). The measurement was accom­
plished by placing a freshly cut center leaflet of a trifoliate 
leaf into the pressure chamber with the cut end protruding and 
then applying external pressure. The pressure necessary to 
balance the internal stress of the leaf or shoot and return 
the liquid from xylem to the cut surface was considered equal 
to the negative hydrostatic pressure which existed in the plant 
just before it was cut. At equilibrium. 
3^  
s 
where, is the water potential of the leaf cells, P is the 
negative component of the water potential of the xylem sap 
measured as the positive pressure in the pressure chamber, and 
Y is the osmotic effect of the solutes in the xylem sap. Y _ 8 B 
was shown to be negligibly small (Boyer, I967) and hence P 
equals the leaf-water potential. 
In conjunction with the stomatal measurements, leaf-water 
potential also was measured within layers of the canopy on 
selected days during the growing season. 
Growth analysis is the most practical method of assessing 
the net photosynthetic production (Iwaki et al., I966). Growth 
indices used to characterize the soybean production are Rela­
tive Growth Rate, Net Assimilation Rate, Crop Growth Rate, and 
Relative Leaf Growth Rate. Regression procedures as described 
by Kvet et al. (1971) were used to calculate the different 
growth indices. Exponential equations were fitted to describe 
the changes in leaf area (A) and dry weight (W) per plant 
with time (t). 
where a to g are the equation parameters. The growth indices 
were then calculated using the equations presented by Buttery 
(1969). The time course of the growth indices is constructed 
Growth Analysis 
W = Exp (a + bt + ct^ ) 
A = Exp (e + ft + gt^ ) 
(1) 
( 2 )  
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from values given by the fitted curve. 
Macroclimatic Weather Observations 
A standard Weather Bureau station was located 200 m west 
of the plot areas. Maximum and minimum air temperatures were 
measured in a Stevenson screen at the standard 1.5 m height. 
Precipitation was measured with a standard 25-cm rain gauge. 
Evaporation was measured in a standard Class A evaporation pan 
set on a wooden frame placed on the soil surface. An anemome­
ter placed beside the evaporation pan at a height of 46 cm 
measured 24-hr wind speeds. In addition, solar radiation was 
measured with a pyranometer sensor (LI-200 S, LAMBDA Instru­
ments Corporation, Lincoln, Nebraska) mounted on an anodized 
aluminium base. Daily solar radiation values were obtained 
from an 11-500 integrator attached to the pyranometer sensor. 
The macroclimatic weather observations are shown in Appendix A. 
Microclimatic Observations 
Microclimatic observations were taken during 1976, when 
plant measurements were also being taken. The microclimatic 
observations recorded were wet and dry bulb temperatures, solar 
radiation, net radiation, photosynthetically active radiation 
(PAR), wind velocity, soil temperature and soil moisture. 
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Wet and dry bulb temperatures 
Wet and dry bulb sensors were mounted at different heights 
on a S-cm diameter steel pipe set up in the crop canopy as de­
scribed by Brown and Covey (I966). The sensors were connected 
to a 24-point Honeywell multi-point recorder. The recorder 
printed the output of the sensors every 6 seconds. However, 
due to unsatisfactory readings of the wet and dry bulb sensors, 
no data were taken from the recorder output. Instead, wet and 
dry bulb temperatures were recorded at hourly intervals using 
a sling psychrometer (%rgrodynamics Inc., Washington, D.C.). 
An average of three readings was taken at 30-second intervals, 
one meter above the crop surface. Psychrometric tables were 
used to obtain vapor pressure deficit values. 
Radiation 
Hourly solar radiation values were obtained from the 
integrator attached to the pyranometer sensor which was set 
up at the weather station. Using a proper calibration factor, 
solar radiation values in ly/min were calculated. Net radia­
tion and photosynthetically active radiation (PAR) values were 
obtained in conjunction with the stomatal diffusion and leaf-
water potential measurements. Net radiation was measured 
with a precalibrated portable net radiometer (C. W. Thom-
thwaite Associates, New Jersey). PAR was measured using a 
quantum sensor equipped with a quantum meter. PAR values 
were expressed in terms of microeinsteins m sec" . 
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Wind velocity 
Wind speed was measured with small Japanese-made 3-cup 
anemometers (Sonoya Iron Works, Tochigideni, Japan). Five 
anemometers were located in the crop canopy at heights of 14, 
27, 51» 102 and 201 cm above soil surface. The anemometers 
were calibrated in a wind tunnel, using an electric 3-cup 
anemometer and a wind flow meter. Cubic equations relating 
the anemometer counts and wind speeds were found to give a 
very good fit (R^  = O.99). 
Anemometer output was recorded using a counter system 
which registered one count for a given number of revolutions 
of the anemometer. Counts were noted at hourly intervals and 
using the calibration equations, windspeeds were expressed 
in m/sec. 
Soil temperature 
Two soil thermometers (Model 35-B, Palmer Instruments Inc., 
Cincinnati, Ohio) were set up at the 15-cm depth in the soil, 
one underneath the plastic film in the covered plot and the 
other in the uncovered plot. Maximum and minimum soil tempera­
tures were recorded at I7OO hrs each day. 
Soil-water potential 
Soil moisture was measured gravimetrically at weekly in­
tervals to a depth of 180 cm. Measurements were taken at 15-cm 
intervals to the 30-cm depth, and at 3C-cm intervals down to 
the 180-cm depth. An average of 5 cores was obtained in each 
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sampling time by means of a core sampler. Soil samples were 
dried to constant weight in a drying oven controlled at 
110 + 5C. Soil moisture contents were expressed on a volu­
metric basis using the bulk density values given in Table 2. 
Volumetric soil moisture values represented the average of 20 
cores at any time. Based on a sample of six cores, the 
standard error of mean for soil moisture sampling using a 
core sampler, was found to be 1.2 inches in the 0-5 ft profiles 
for the Webster silty clay loam soil (Shaw et al., 1959)» It 
is believed that on the loess-formed soils, the standard error 
of mean would be considerably smaller, about 0.5 inches in the 
0-5 ft profile, because of less variability in the soil (R. H. 
Shaw, Ames, Iowa, private communication). Based on an average 
of 20 cores taken each time, the standard error for our 
sampling is estimated to be 0.25 inches in the 0-6 ft profile. 
Soil-water potential values were obtained using the volu­
metric soil-water content - pressure relationships for various 
depths described by Willatt and Taylor (1977)« Reported soil-
water potentials of the root zone were estimated by averaging 
the soil-water potential measured for each depth increment 
in the effective root zone. Effective rooting depth during 
the growing season was estimated from the root samples taken 
during the 1975 growing season, with the lowest depth of water 
removal used as the bottom of the root zone. 
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Nutrient Analysis 
Soybean plants sampled at weekly intervals were parti­
tioned into leaves, stems, petioles, pods and seeds for dry 
weight measurement. These components were dried in a forced-
draft oven at 65c and then weighed. The samples were than 
ground in a Wiley mill. 
A 0.50 g sample of the ground plant material was digested 
in boiling, concentrated with Cu as a catalyst, for at 
least 24 hours. The digest was then diluted with NH^ -free 
distilled water. Total N was determined by a micro-Kjeldahl 
steam distillation of an aliquot of the digest made alkaline 
by adding NaOH. The NH^  released was caught in a saturated 
boric acid solution euid titrated against a standard acid. 
Total P was determined colorimetrically on an aliquot of the 
digest by a vanado-molybdate procedure. Total K was deter­
mined on another aliquot of the digest by using a flame 
photometer, with lithium as internal standard. 
Calculation of nutrient flux 
Nutrient flux values were calculated using the procedure 
described by Mengel and Barber (1974). Nutrient uptake rates 
were calculated at 7-8 days interval from the fitted relations 
of dry weight and nutrient uptake with the age of the plant. 
Rate of uptake per meter of root was then calculated by divid­
ing the uptake rates per day by the root lengths. Nutrient 
flux was expressed in moles by dividing the grams of nutrient 
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uptake by the atomic weight of the nutrient. Observation of 
the root samples revealed very few nodules during the growing 
season. Hence in the calculation of nitrogen flux to the 
roots, the contribution by symbiotic bacteria was assumed 
negligible. 
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RBSUI/FS AND DISCUSSION 
The performance of crop plants under moisture stress is 
highly dependent on the maintenance of a favorable plant water 
status. Any estimate of crop water status should consider the 
plant response to environmental conditions and characteriza­
tion of these conditions. In the following discussion, three 
plant measurements which have been shown to be sensitive to 
moisture stress, i.e., stomatal conductance, leaf-water poten­
tial, and leaf area will be evaluated using soil, plant, and 
atmospheric observations. In addition, quantitative relation­
ships will be drawn between the shoot and root data. Detailed 
data on dry matter and nutrient accumulation will be used to 
illustrate the effect of moisture stress. Growth analysis 
techniques will be drawn upon to describe the depression 
in soybean growth rates due to stress. Finally, through the 
use of multiple regression procedures, the dependence of soy­
bean growth rate on climatic variables will be described. 
Weather Conditions During the Growing Seasons 
A summary of the meteorological parameters during the 1975 
and 1976 growing seasons is presented in Tables 3 and 4. One 
striking feature that provided a fine contrast between the two 
seasons was the precipitation received during June, July, and 
August, when most of the plajit measurements were taken. During 
1975* intermittent rainfall resulted in an accumulated total 
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Table 3* Meteorological parameters during the 1975 growing 
season at the Western Iowa Experimental Farm 
Avg Total 
Avg solar pan 
I tepp précipita- 24-hr radia- evapo-
Uax Hin tion winds tion ration 
Month ———— c——cm km ly/day cm 
May 24.6 10.6 7.4 92.6 - 17.7 
June 26.5 14.3 11.4 74.4 522 16.9 
July 30.8 16.6 3.2 67.3 624 23.4 
Aug 30.8 16.4 6.7 83.0 502 20.4 
Sept 21.9 8.6 5.2 80.9 372 12.9 
Table 4. Meteorological parameters during the 1976 growing 
season at the Western Iowa Experimental Farm 
Avg Total 
A,«r Avg solar pan 
AVfi temp Précipita- 24-hr radia- evapor 
Max Min tion winds tion ration 
Month C cm km ly/day cm 
May 22.4 7.4 11.4 104.8 - 18.4 
June 28.3 13.6 0.9 107.8 600 23.9 
July 31.3 17.0 1.1 66.3 559 24.1 
Aug 31.6 15.6 0.8 74.8 530 23.2 
Sept 26.7 11.1 4.1 71.8 - 17.0 
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of 21.3 cm during the three months, whereas in 1976, the 
total rainfall during the same period amounted to a scanty 
2.8 cm. With the provision of two irri^ tions on the un­
covered plots during 1976. a range of soil-water potential 
(SWP) values was obtained under field conditions (Table 5)* 
The soil-water potential (SWP) values during 1976 show a high-
stress pattern in the covered plots with the potential values 
being less than -10 bars on 8 out of the 12 observational 
days. Soil-water potential values were obtained using the 
volumetric soil water content - pressure relationships for 
various depths described by Willatt and Taylor (1977). Re­
ported soil-water potentials of the root zone was estimated 
by averaging the soil-water potential measured for each depth 
increment in the effective root zone. Intermittent rainfall 
during the 1975 season made it difficult to draw quantitative 
relationships between plant-water status indicators and soy­
bean growth because the moisture stress pattern was often 
disturbed. But the hot and dry weather conditions during I976 
resulted in a uniform moisture stress pattern in the uncovered 
plots, which made it possible to quantitatively describe the 
effect of moisture stress. The total pan evaporation values 
during 1976 also illustrate the hi^  atmospheric demand 
conditions. 
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Table $, Range of soil-water potential (SWP) under field 
conditions 
SWP Days (1975) Days (1976) 
bars Gov. Uncov. Gov. Uncov 
0-2 2 3 - -
2-4 3 5 - 3 
4-6 5 4 - 2 
6—8 5 3 4 2 
8-10 - - - 2 
10-12 - - 2 3 
12-14 - - 6 -
n 15 15 12 12 
Stomatal Conductance and Leaf-Water Potential 
Stomatal conductance and leaf-water potential measurements 
were obtained on 15 and 12 different days during 1975 and 1976, 
respectively. Table 6 shows the distribution of the observa­
tional days along with the growth stages as described by Fehr 
et al. (1971). 
Seasonal variation 
In examining the seasonal profiles of stomatal conductance 
and leaf-water potential, according to Brady et al. (1975), 
careful consideration should be given to four factorsi 
(1) location of the measurement, (2) physiological stage of 
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Table 6. Days after planting and observational days 
Days 
after 
planting 
Observational days Growth stage 
1975 1976 1975 1976 
40-50 1 - V6 -
50-60 2 1 V9 V8 
60-70 3 2 V13R2 V11R2 
70-80 3 1 V15R3 V14R2 
80-90 3 2 V18R4 V16R3 
90-100 2 4 V18R4 V18R3 
100-110 1 2 V18R5 V18R5 
n 15 12 
growth of the plant, (3) wet leaves and irrigation, and 
(4) evaporative demand. 
Since the purpose is to examine the relative changes in 
stomalal conductance and leaf-water potential with changes in 
soil-water potential, only mean values of plant measurements 
averaged over the seven time periods were used. Stomatal con­
ductance and leaf-water potentials were measured by sampling 
only young, uppermost leaves, fully exposed to solar radiation 
to avoid the effect of shading and senescence. Physiological 
stage of growth appeared to have little influence on the 
measurements, since only the young leaves were selected on 
any day. In measuring the stomatal conductance, care was taken 
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to avoid measurements when the leaves were wet due to deposi­
tion of dew. Brown and Rosenberg (1970) and Brady et al. 
(1975) also demonstrated that physiological stage of growth 
has little effect on the measurements of leaf-stomatal resis­
tance. Brady et al. (1975) showed that leaf-water potential 
is as much responsive to soil-water potential in the reproduc­
tive stage as in the vegetative stage. Evaporative demand was 
in the high to medium range throughout the season. 
Seasonal changes in the stomatal conductance and leaf-
water potentials, along with soil-water potentials under field 
conditions during 1975, are shown in Fig. 2. In general, the 
soil-water potential values reflect an increasing trend of 
soil drying as the season progressed. Stomatal conductance 
and leaf-water potential measurements do not show the smooth 
tendency witnessed in the case of soil-water potential, because 
small amounts of precipitation at different times during the 
growing season enabled the plants to temporarily escape the 
midday water deficits. However, it is apparent that increasing 
soil dryness is associated with a decline in stomatal conduc­
tance and leaf-water potential. No significant differences 
are seen between the two treatments, although the covered plots 
seem to be slightly more stressed. 
The 1976 growing season provided an extended period of hot 
and dry days. This is evidenced by the seasonal changes in 
soil-water potential, stomatal conductance, and leaf-water 
potential, shown in Fig. 3. No significant amounts of rainfall 
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were received during the season. This resulted in a smooth 
moisture-stress pattern, as reflected by the soil-water poten­
tial values. Two irrigations on July 12 and July 21, each 
measuring about 5 cm in depth, enabled the uncovered plots to 
avoid the extreme dryness shown by the covered plots. In 
general, there was a 3-4 bar difference in the soil-water 
potential values between the two treatments. This chan^  in 
soil-water potential values is also corroborated by the dif­
ferences in stomatal conductance and leaf-water potential 
values between the two treatments. Stomatal conductance de­
picted a smoother change with time than leaf-water potential. 
Brady et al. (1975) observed that plant measurements appeared 
to be increasingly reliable over an extended period of dryness, 
Stomatal Conductance as a Water Stress Indicator 
Detailed studies conducted during the 1976 season were 
focussed on the usefulness of stomatal conductance as a water-
stress indicator. 
Overall daily means 
The mean daily values of stomatal conductance measured at 
different heights within the soybean canopy for 8 days during 
the season are shown in Table 7. The highest stomatal-conduc-
tance values were measured in the top layer with progressively 
lower conductance values as one approaches the bottom layer 
in the crop canopy. This decrease in stomatal conductance has 
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Table 7* Daily mean stomatal conductance in four layers 
Canopy depth from the top (cm) 
Date Treatment 0-15 15-30 30-45 45-60 Mean 
w • f < 
% 
Stomatal conductance (cm/sec)^  
July 9 Covered 
Uncovered 
0.34 
0.40 
0.21 
0.24 -
- 0.28 
0.32 
39 
July 16 Covered 
Uncovered 
0.35 
0.38 
0.13 
0.21 -
- 0.24 
0.30 
58 
July 20 Covered 
Uncovered 
0.36 
0.46 
0.24 
0.34 
0.19 
0.27 
- 0.26 
0.36 
23 
July 23 Covered 
Uncovered 
0.35 
0.45 
0.18 
0.30 
0.11 
0.24 
- 0.21 
0.33 
22 
Aug 3 Covered 
Uncovered 
0.18 
0.29 
0.11 
0.21 
0.11 
0.19 
0.09 
0.12 
0.12 
0.20 
38 
Aug 10 Covered 
Uncovered 
0.15 
0.22 
0.08 
0.10 
0.08 
0.10 
0.06 
0.08 
0.09 
0.13 
29 
Aug 17 Covered 
Uncovered 
0.19 
0.18 
0.08 
0.09 
0.10 
0.08 
0.08 
0.07 
0.11 
0.11 
33 
Aug 24 Covered 
Uncovered 
0.19 
0.22 
d d 
0.10 
0.12 
0.09 
0.07 
d d 
26 
E^ach value is the average of 6 observations. 
attributed to diffuse light extinction in the canopy (Monsi 
et al., 1973). Reduced illumination of the lower leaves in 
the plant canopy results in lower stomatal conductance, either 
through a failure to achieve full opening, or through gradual 
loss of stomatal function associated with senescence. In 
addition, the reduced conductance could result from lower 
soil-water potential values. 
It is interesting to note that stomatal conductance showed 
51 
100^  reduction during the latter part of August. This reduc­
tion was observed in all four layers and for both treatments. 
The reduced stomatal activity, with increased water deficits 
due to reduced relative and absolute turgor levels in the 
guard cells and surrounding cells, is a common physiological 
observation. This provides greater credibility to the widely 
believed phenomenon that younger meristematic tissues continue 
photosynthesis at the expense of older leaves. 
From the mean values of stomatal conductance averaged 
over all four layers, it is apparent that the uncovered plots 
showed better stomatal conductance during the earlier part of 
the growing season. But with increasing water deficits, the 
uncovered plots approached stomatal-conductance values similar 
to those of the covered plots. 
Diurnal pattern of stomatal conductance in the canopy 
Under well-watered conditions, the stomates of most plants 
open when the sun rises and remain open until near sundown. 
But under moisture stress, when an imbalance develops between 
supply and demand for water, guard cells become less turgid 
and stomates begin to close. 
Two typical days, July 23 and August 24, are selected to 
illustrate the diurnal pattern of stomatal conductance in the 
soybean canopy. July 23 has been selected to depict the 
changes in stomatal conductance with time and depth, under 
well-watered and water-stressed conditions in the uncovered 
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and covered plots, respectively. The plants were in growth 
stages V14R2. Leaf area index values were 4.1 and 3*5 in the 
uncovered and covered plots, respectively. By August 24, the 
uncovered plots reached the stage V18R6 with a leaf-area index 
of 4.6; whereas, the plants in the covered plots were at 
growth stage V15R6 with a leaf area index of 2.?. At this 
stage, plants in both treatments exhibited severe water 
stress, since only 0.8 cm of rainfall was received in the 
month of August. 
Data of July 23 establish the fact that stomatal conduc­
tance was influenced by the time of day and canopy depth (Fig. 
4). Analysis of variance (Table 8) shows that both the time of 
day and canopy layers have a highly significant influence on 
stomatal conductance. The two treatments do not respond in 
a similar fashion through the day, nor within each canopy layer, 
as evidenced by the significant interaction terms. The un­
covered plots were irrigated on July 21. The influence of an 
adequate supply of water is well described by the greater 
stomatal-conductance values for all canopy layers in the un­
covered plots, as opposed to covered plots. Maintenance of a 
favorable leaf-turgor level through adequate water supply seems 
to be conducive for greater photosynthetic activity at all 
levels in the canopy, though not at the same rate, due to in­
creased stomatal conductance. 
Time of day has a significant effect on stomatal activity. 
Stomata opened early in the morning and were open until 1600 
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Table 8. Analysis of variance for stomatal conductance on 
July 23 and August 24 
July 23 August 24 
s.v. d.f. F value d.f. F value 
Trt 1 104.9^ * 1 1.9 
Time 5 43.3** 5 69.^** 
T X T 5 2.1* 5 5.8** 
Layer 2 133.7** 3 82.9** 
T X L 2 0.3 3 3.8** 
T X L 10 2.0* 15 6.5** 
T X T X L 10 1.1 15 1.3 
Plant (T T) 24 24 
Error 48 72 
•Significant at % level. 
••Significant at level. 
hours in the top canopy layer. With decreasing irradiance 
thereafter, stomatal conductance showed a rapid drop. Stomatal 
conductance in the 15-30 and 30-45 cm layers exhibited a rapid 
decline starting at 1400 hours, indicating that radiation 
levels were low enough in these layers to start stomatal 
closure. 
With an extended period of drought through the month of 
August, the stomatal conductance profiles in the canopy on 
August 24 present a different picture (Fig. 5)» A significant 
55 
u 0) I/) 
E U 
u 
z 
< 
»— 
o 
o 
o 
< 
z 
o 
h-
t/) 
0.6 I— 
Covered ^^9 '76 
0.4 
0 . 2  
# # 0-15 cm 
A—A 15-30 cm 
^ 30-45 cm 
45-60 cm 
«o 
o 
1 1 1 • 1 
0 0 0 0 0 0 0 0 0 0 00 0 CM SO 0 r* 
o CO o o 
CM 
w 
» l/t 
o 
z 
«t 
»— 
o 
o 
u 
< 
h-
< 
z 
o 
h-
0.6 r~ 
Uncovered 
0.4 
0 . 2  
# # 0-15 cm 
^ 15-30 cm 
O 30-45 cm 
45-60 cm 
1 1 1 1 1 1 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 SO CO 0 CM to 00 0 0 0 p— CM 
HOURS (CDT) 
Fig. 5' Diurnal variation in stomatal conductance in differ­
ent canopy depths for the two treatments on August 
24,  1976 
56 
drop in conductance values since July 23 is noticeable, es­
pecially in the uncovered plots in all layers. Analysis of 
variance (Table 8) shows no significant differences between 
the treatments, demonstrating the rapid water extraction in 
the uncovered plots. Time of day and canopy layer terms are 
again significant, leading to the conclusion that even under 
severe water stress, stomates are open for a short time during 
the day, differing, of course, at other depths in the canopy. 
From Fig. 5» it is clear that the stomates are open for a short 
period of two hours in the top canopy layer, partially open 
until about 1400 hours, and then completely closing thereafter, 
as represented by the levelling of the curves. Kanemasu and 
Tanner (I969) showed that as the drying cycle progresses, 
stomata close earlier during the day; hence, the interval of 
stomatal closure is increasing day by day. In the uncovered 
plots, the 30-45 cm layer exhibited slightly better conductance 
values when compared to the leaves in the same depth in the 
covered plots canopy. The range in stomatal conductance values 
between the different layers on August 24 is small compared 
to the data of July 23. 
It is immediately evident that stomata in different layers 
i 
under water stress are relatively inactive. These findings 
ratify the conclusions of Turner (1974), at low soil-water 
potentials, the development of low-turgor potential, not 
irradiance, has the predominant effect on the diumal pattern 
of leaf-diffusive resistance. Ehrler and van Bavel (I967) also 
57 
concluded that since the visible light intensity was at or 
above saturation value, the increased leaf resistance must be 
attributed to the internal water deficit which was strong 
enough to counteract the stomatal opening effect of illumina­
tion. 
Response of stomatal conductance to soil-water potential 
The availability of water to the plants is closely related 
to soil-water potential and the potential gradient between the 
soil and the plant. Although atmospheric demand mediates the 
range of potential gradient that develops between the soil and 
the plant, the importance of a base soil-water potential in 
altering the plants response to water cannot be overlooked. 
Stomatal conductance is affected by both the availability of 
water and the evaporative demand. 
The overall daily means of stomatal conductance in the 
top canopy layer in relation to soil-water potential are 
plotted in Fig. 6. Under both moderate moisture stress in the 
uncovered plots and severe moisture stress in the covered 
plots, stomatal conductance showed a linear response to 
changes in soil-water potential (R = 0.80). Al-Ani and 
Bierhuizen (1971) showed that stomatal diffusive resistance is 
extremely sensitive to a reduction in soil moisture content. A 
substantial increase in stomatal diffusive resistance took 
place at severe moisture stress. 
Since the observed soil-water potential values were less 
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than -10 bars for 8 out of 12 days on which measurements were 
available, it is rather difficult to follow the progressive 
response of stomatal conductance to soil-water potential in 
the covered plots. From the data of uncovered plots, it is 
evident that stomatal conductance falls rapidly when the soil-
water potential drops below -4 bars. Experimental results of 
Kanemasu et al. (1973) for grain sorghum and Brady et al. 
(1975) for soybeans also show that soil moisture becomes limit­
ing when soil-water potential approaches -4 bars. 
Stomatal conductance - soil-water potential relationships 
in the bottom layers of the canopy are difficult to explain 
because of the overriding effects of leaf shading and senes­
cence. Linear regression equations between stomatal conduc­
tance and soil-water potential for 15-30 and 30-45 cm canopy 
layers are shown in Table 9» In the covered plots where the 
2 
moisture stress was more severe, the R values show that the 
influence of soil-water potential on stomatal conductance in 
the bottom canopy layers is less effective as compared to the 
top layer. Reduced illumination, along with penumbral effects 
and light flecks, complicate the situation, and no valid con­
clusions can be drawn. One approach to overcome this problem 
has been to calculate the canopy transpirational resistance 
; 
from leaf stomatal-re sis tance values and leaf area index in 
different layers in the crop canopy. 
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Table 9» Regression analysis of the relationships between 
overall daily means of stomatal conductance (SC) 
and soil-water potential (SWP) 
Canopy ? 
Treatment layer Regression equation R^  
Covered 15-30 cm SC = 0.28 + 0.01 (SWP) 0.62 
30-45 cm SC = 0.20 + 0.01 (SWP) 0.52 
Uncovered 15-30 cm SC = 0.33 + 0.02 (SWP) 0.65 
30-45 cm SC = 0.31 + 0.02 (SWP) 0.79 
Canopy-transpirational resistance as related to soi1-water 
potential 
The aerodynamic resistance of the crop as a whole is de­
fined per unit ground area, as is the canopy resistance (Szeicz 
et al., 1973). When evaporation from the soil is negligible, 
the transpirational resistance of a crop may be close to the 
compound parallel resistance of all leaves in the canopy. 
However, because the lower leaves in a fully developed canopy 
may not be illuminated well enough to open their stomata, the 
leaf area index effective in transpiration may always be less 
than the total. When both the mean leaf resistance (r^ ) and 
the leaf area index (LAI) in each canopy layer are known, mean 
canopy transpiration resistance (r_) can be calculated, 
according to Szeicz and Long (I969) as* 
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where, r^ ,^ r^ g» are canopy transpirational resistances in 
canopy layers 1, 2, and 3» respectively, r^  is calculated as 
r^ /LAl for each layer. 
From the overall daily-mean leaf-stomatal resistance and 
leaf area index values in different canopy layers available 
at five times during the season, mean canopy-transpirational 
resistance has been calculated. By pooling data from both 
treatments, the relationship between mean canopy-transpirational 
resistance and soil-water potential is shown in Fig. ?• Cal­
culated canopy-transpirational resistance values are in agree­
ment with the values shown by Teare and Kanemasu (1972). A 
soybean canopy offers considerable resistance to transpiration 
when the soil-water potential decreases to less than -4 bars. 
This critical soil-water potential value is of the same magni­
tude as that reported for a grass-clover mixture (-3*5 bars, 
Szeicz and Long, I969) or Lucerne (-4 bars, van Bavel, I967). 
Considerable scatter is observed when soil-water potential 
approaches -10 bars. This is probably related to visible 
wilting associated with such a high moisture stress in the 
field. 
Relationship between the stomatal conductance and growth rates 
From the discussion up to this point, it is apparent that 
an extended drying cycle decreases the stomatal conductance of 
both water vapor and COg. With the decreasing supply of CO2 
to photosynthetic sites, it is reasonable to expect a decrease 
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SOIL WATER POTENTIAL 
Fig. 7. Mean canopy transpirational resistance as a function 
of soil-water potential during the growing season 
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in photosynthetic activity resulting in slow dry matter 
accumulation. Relative-growth rates of soybeans during the 
growing season have been calculated from the dry matter 
accumulation data collected weekly, using the equations pre­
sented by Watson (1952). Relative-growth rates as affected by 
the overall daily means of stomatal conductance for the two 
treatments are shown in Fig. 8. Relative growth rates show a 
lineai- decrease with a decrease in stomatal conductance. From 
Fig. 8, it is clear that any reduction in stomatal conductance 
below 0.35 cm/sec, resulted in reduced growth rates. It is 
interesting to note that this threshold value of O.35 cm/sec 
occurred around a soil-water potential value of -4 to -5 bars. 
This soil-water potential value has been shown to be related 
to canopy-transpirational resistance also. Therefore, it can 
be deduced that stomatal conductance is an effective indicator 
of water stress because of its close relationships with soil-
water potentials and growth rates. 
Leaf-Water Potential as a Water Stress Indicator 
Since the data collected during the 1976 growing season 
serve well to illustrate the usefulness of leaf-water potential 
as a water stress indicator, no reference will be made to the 
1975 growing season data in the following discussion. 
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Overall daily means 
The daily mean values of leaf-water potential measured at 
different heights within the soybean canopy for 8 days during 
the season are shown in Table 10. For all days under consid­
eration, the uncovered plots showed higher leaf-water potential 
than covered plots, as represented by the values in the indi­
vidual layers in the canopy as well as the overall daily means. 
Earlier during the growing season when the soil moisture 
supply was adequate, the top layer in the soybean canopy ex­
hibited the lowest leaf-water potentials. But with a pro­
longed period of drought through the month of August, the top 
canopy layer has the highest leaf-water potential. The lower 
canopy depths had shown either a decreasing leaf-water poten­
tial or a constant leaf-water potential with depth. 
The direction of change in leaf-water potential in differ­
ent layers, with depletion of soil moisture, is similar to 
the findings of Claassen (1968), Barnes and Woolley (I969), 
and Felch (1970) with relative water content of leaves. 
Claassen (I968) found that the differences in the relative 
water content of leaves between the upper and lower leaves 
increased as the soil moisture stress increased. The degree 
of change in the daily-mean leaf-water potential with time 
was greater for the 15-30, 30-45 and 45-60 cm canopy layers 
than for the 0-I5 cm layer. The maintenance of higher leaf-
water potentials in the top layer of the canopy with increasing 
water deficits is conclusive evidence to the fact that younger 
Table 10. Daily-mean leaf-water potential in four layers within the canopy 
Canopy depth from the top (cm) 
Date Treatment 0-15 15-30 30-45 45-60 Mean 
w • V 
% 
potential 
July 9 Covered -10.5 -9 • 8 — — -10.2 8 
Uncovered -10.2 -9.6 - -
-9.9 
July 16 Covered -12.0 -10.4 — — -11.2 9 
Uncovered -8.1 -6.9 — - -7.5 
July 20 Covered —8 « 0 -8.1 -7.8 —8.0 10 
Uncovered -6.8 -6.3 -6.5 - -6.5 
July 23 Covered -11.0 -11.1 -10.5 « -10.9 17 
Uncovered -7.4 -6.0 
-5.5 - -6.3 
Aug 3 Covered -10.6 -11.5 -11.7 -12.4 -11.6 15 
Uncovered -9 « 6 -8.5 -8.3 -8.5 -8.7 
Aug 10 Covered 
-15.7 -16. 5 -I6.8 -17.0 —16.5 11 
Uncovered -12.7 -12.9 -12.2 -11.5 -12.3 
Aug 17 Covered -16.4 -17.6 
-17.3 -16.8 -17.0 11 
Uncovered -14.3 -14.3 -13.9 -14.2 -14.2 
Aug 24 Covered -18.4 -20.4 -21.2 —20.8 -20.2 10 
Uncovered -15.8 -16.6 -15.9 -15.5 -15.9 
a^ch value is the average of 6 measurements. 
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meristematic tissues continue photosynthetic activity at the 
expense of older, less active leaves. 
Diurnal pattern of leaf-water potential in the canopy 
The water status of a plant is controlled by the relative 
rates of water loss and water uptake. Thus, it is a dynamic 
property, and should be expected to change with variations in 
evaporative demand of the atmosphere, or with decreasing water 
availability in the soil. The same days which were chosen to 
illustrate the diurnal pattern of stomatal conductance, July 23 
and August 24, will be used to describe diurnal patterns of 
leaf-wîiter potential. 
Changes in leaf-water potential with time of day are shown 
for July 23 in Fig. 9. The uncovered plots were irrigated on 
July 21. The leaf-water potentials were maximum in both treat­
ments before sunrise, reached a minimum at around 1400 hours, 
and rapidly increased at sunset. Several significant facts 
are noticeable from the analysis of variance (Table 11). There 
were significant interactions between treatment and time. The 
changes in leaf-water potential with depth in the canopy are 
not similar for both treatments, as shown by a significant in­
teraction between treatments and layers. 
The uncovered plots with an adequate supply of water show 
typical variations in leaf-water potentials in the three canopy 
layers. With a greater radiation load incident on the 0-15 cm 
layer, leaf-water potentials were almost always lower in the 
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Table 11. Analysis of variance for leaf-water potential on 
July 23 and August 24 
July 23 August 24 
s.v. d.f. F value d.f. F value 
Trt 1 314. 1 226,9** 
Time 6 72,6** 6 95'^** 
T X T 6 5.3** 6 10.9** 
Layer 2 7-7** 3 5-7** 
T X L 2 3.9* 3 5.3** 
T X L 12 3.2^  ^ 18 2.2** 
T X T X L 12 1.4 18 1.2 
Plant (T T) 28 28 
Error 56 84 
•Significant at 5^  level. 
••Significant at Ifo level, 
top layer. Leaves in the 30-45 cm layer, being less subjected 
to the atmospheric demand, show the highest leaf-water poten­
tials for most of the day. Once the effect of atmospheric 
demand is negated, leaf-water potentials in all the three 
layers approach almost the same value as shown for 2000 hours. 
The covered plots under moisture stress do not show the 
striking variations in leaf-water potentials with depth as seen 
in the uncovered plots. It is interesting to observe maximum 
leaf-water potentials in the top layers before sunrise. Leaves 
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in the 30-45 cm layer exhibited a leaf-water potential about 3 
bars lower in the leaves than in the top layer. This is proba­
bly due to rapid radiational cooling of the top leaves over­
night as compared to bottom leaves. At any time during the day, 
stressed plants had significantly lower leaf-water potentials 
as compared to adequately watered plants. The minimum leaf-
water potentials in the covered plots were -15.6 bars; whereas, 
the uncovered plots recorded a minimum leaf-water potential of 
-11.4 bars. After sunset, soybean plants in the uncovered 
plots showed a remarkable recovery in leaf turgor, due to an 
adequate supply of water. Such recovery in leaf turgor was 
not noticeable in the covered plots with leaves reflecting 
moisture stress at -10 bars. 
Diurnal variation in leaf-water potential in different 
canopy depths on August 24 is shown in Fig. 10. Severe soil 
drying and moisture extraction during the month of August 
caused water deficits in both treatments. It is interesting 
to note that plants in the covered plots being severely 
stressed reach a minimum leaf-water potential shortly before 
noon and show a constant low leaf-water potential thereafter 
until sunset. This phenomenon was observed in all four canopy 
layers. No recovery from the reduced leaf turgor was noticed 
in the covered plots by 2000 hours. The uncovered plots, 
however, show some capacity to recover from the reduced turgor 
due to atmospheric demand and the short supply of soil water. 
The differences between canopy layers were not as apparent as 
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on July 23, when the plants were under good water supply. In 
the covered plots, leaf-water potentials were higher in the 
0-I5 cm canopy layer than at any other depth in the canopy. 
It is not completely understood why the leaf-water potentials 
were consistently higher in the top canopy layer where the 
atmospheric demand was the highest. It is probable that 
under a severe water deficit, internal water status controls 
diurnal fluctuations in leaf-water potentials rather than 
atmospheric evaporative demand. 
Response of leaf-water potential to soil-water potential 
Plant-water status is affected by soil-water potential 
in the root zone and by atmospheric demand. The daily mean 
values of leaf-water potential recorded in the topmost layer 
of the canopy plotted versus soil-water potential are shown 
in Fig. 11. The range of soil-water potentials obtained under 
field conditions in the covered plots (Table 5) was confined 
to a short interval between -6 and -14 bars, whereas in the 
uncovered plots the range was much wider, from -2 to -14 bars, 
with a smooth progressive increase. This was reflected in the 
relationship between soil-water potential and leaf-water po-
tential with R values of 0.66 and 0.90 in covered and un­
covered plots, respectively. Boyer (1970a, 1970b) showed that 
for soybeans, the rate of photosynthesis decreased rapidly 
when the leaf-water potentials dropped below -12 bars. Com­
bining the observations on the response of stomatal conduc-
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tance to soil-water potential with the present findings of 
leaf-water potential response, it appears that a soil-water 
potential drop to less than the -4 to -6 bars range, is not 
conducive to favorable plant growth. 
It has been observed that daily atmospheric demand can 
cause a decrease in leaf-water potential of 9 to 10 bars 
(Gardner and Ehlig, I963; Brady et al., 197^ ), If an equir 
librium between the plant and soil water systems occurs during 
the night, the maximum leaf-water potentials should reflect the 
soil-water potential. The relationship of maximum and minimum 
soybean leaf-water potential to soil-water potential is shown 
Fig. 12. Data from covered and uncovered plots were pooled to 
represent the relationship. Each point on the figure is the 
average of leaf-water potentials measured on 8 uppermost, 
unrolled center leaflets of a trifoliate leaf. Significant 
2 R values indicate that the leaf-water potential status is 
closely related to atmospheric demand (as shown by minimum 
leaf-water potentials). The variation of minimum leaf-water 
potentials around a given value of soil-water potential is 
apparently due to the atmospheric demand existing at the time 
of the observations. 
Leaf-water potentials measured in the 15-30 and 30-45 cm 
layers in the canopy showed a better relationship with soil-
water potential (Table 12) than was the case for the O-I5 cm 
layer which was discussed earlier. The R values for both the 
covered and uncovered plots were significant. The response of 
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Table 12. Regression analysis of the relationship between 
overall daily means of leaf-water potential (IWP) 
and soil-water potential (SWP) 
Canopy 2 Treatment layer Regression equation R 
Covered 15~30 cm LWP = -1.91 + 1.25 (SWP) 0.80 
30-45 cm LWP = -0.85 + 1.35 (SWP) 0.76 
Uncovered 15-30 cm LWP = -3.31 + 1.15 (SWP) 0.94 
30-45 cm LWP = 02.15 + 1.22 (SWP) 0.96 
leaf-water potential in the lower canopy depths to soil-water 
potential is due to less interference of the atmospheric de­
mand in altering the leaf-water potential status, as opposed 
to the case in the top canopy layer. The leaf-water potential 
response to changing soil-water potentials is a definite in­
dicator of dynamic changes in plant-water status in relation 
to soil-water conditions. 
Relationship between leaf-water potential and growth rates 
Boyer (1970a, 1970b) has shown that leaf enlargement is 
closely related to leaf-water potential. It appears that 
turgor pressure directly regulates the cell division and cell 
enlargement so as to render cell number and cell size compati­
ble with the rate of assimilation (Gardner, 1970). Mainte­
nance of cell turgidity is essential for growth and cell en­
largement (Kramer, 1959)* Relative growth rate of soybeans 
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is shown as a function of leaf-water potential at various times 
during the growing season in Fig. I3. There is considerable 
scatter arcund the regression line» but the trend is apparent 
that favorable growth rates are related to higher leaf-water 
potentials. Maintenance of good growth rates is related to 
higher carbon assimilation rates. Hydropassive opening of 
stomates and COg diffusion is connected to good turgor levels 
in the guard cells and surrounding mesophyll cells. High 
turgor levels are closely related to higher leaf-water poten­
tials and, hence, growth rates show a good correlation with 
2 leaf-water potentials as evidenced by significant R values. 
It is not clear whether under high moisture stress, the meso­
phyll resistance is related to leaf-water potentials. Trough-
ton (1969) showed that mesophyll resistance of stressed cotton 
leaves was independent of leaf-water potentials over a wide 
range. 
Relationship between leaf-water potential and stomatal 
conductance 
The relationship between leaf-water potential and stomatal 
conductance is of intrinsic interest, and also is important in 
constructing transpiration models for the soil-plant-atmos-
pheric continuum (Cowan. I965). As soil-water content de­
creases, the soil- and leaf-water potentials also decreaset 
consequently, a water deficit develops in the leaves and the 
guard cells lose their turgor causing the stomata to close. 
Ehlig and Gardner (1964) suggested that stomatal closure due 
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to water stress occurs within a narrow range of leaf-water 
potentials. 
Measurements of stomatal conductance and leaf-water po­
tential, made in the top canopy layer, were used to draw quan­
titative relationships. No measurements made in the bottom 
layers of the canopy were included because of the possible 
interference of leaf shading with stomatal response to changing 
leaf-water potentials. Regression equations between the hourly 
means of stomatal conductance (Y) and leaf-water potential 
(X) for the two treatments are: 
Covered! Y = 0.43 + 0.01 (X) sf = 0.21 n = 76 
Uncovered» Y = 0.53 + 0.02 (X) = 0.3I n = 76 
There was considerable scatter of stomatal conductance 
values around a single leaf-water potential value. This 
scatter was believed to have been caused by different environ­
mental conditions existing on the days when measurements were 
made. Different radiation levels existing at the time of the 
measurements could have altered the stomatal response of soy­
beans to leaf-water potential. The effect of varying environ­
mental conditions on this relationship could be eliminated to 
some extent using the overall daily mean values. Regression 
equations for the relationship between overall daily means of 
stomatal conductance and leaf-water potentials for the two 
treatments are* 
Covered: Y = 0.49 + 0.02 (X) R^  = 0.49 n = 12 
Uncovered: Y = 0.62 + O.O3 (X) R^  = O.79 n = 12 
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It can be seen that uncovered plots show a better response 
of stomatal conductance to leaf-water potential. A plot of the 
overall daily means of stomatal conductance as a function of 
leaf-water potential in Fig. 14 shows that rapid stomatal 
closure occurred as leaf-water potentials approached -10 to 
-12 bars. Kanemasu and Tanner (I969) and Clark and Hiler 
(1973) also showed that stomatal closure occurred within a 
small range of leaf-water potentials. 
Effect of Microclimatic Variables on Stomatal 
Conductance and Leaf-Water Potential 
The level of leaf-water potential depends on the balance 
of the rates of water loss and water income through transpira­
tion. By multiple regression analysis, Sands and Rutter (1958) 
showed that most of the variation in leaf-water deficit could 
be accounted for by changes in soil-moisture tension and 
transpiration rates. Transpiration in turn is determined by 
the availability of latent heat of evaporation, by the gradient 
of vapor pressure and by the resistance of movement within the 
system. The effect of microclimatic variables on hourly mean 
values of stomatal conductance and leaf-water potential will 
be illustrated through a diurnal cycle of three days, as well 
as regression analysis of the data collected during the whole 
season. 
Data for three days (July 16, July 23, and August 3) were 
selected to show the influence of the microclimatic variables, 
solar radiation (Rj), net radiation (R^ ), air temperature (T^ ) 
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hourly wind velocities (W) above the crop canopy, and hourly 
vapor-pressure deficit (VPD) values above the canopy, on the 
diurnal cycle of stomatal conductance and leaf-water potential 
measured in the top canopy layer. The relationships are 
shown in Fig. 15» For the purpose of this discussion the 
uncovered plots could be considered "well watered" since two 
irrigations were given on July 12 and July 21. The covered 
plots were under moisture stress. 
Levels of solar radiation and net radiation were hi^ est 
on July 16 with slightly lower values on July 23. August 3 
was a partly cloudy and windy day with lower levels of incident 
solar and net radiation. Hourly values of vapor pressure 
deficit were hi^ est on July 23. 
On July 16, leaf-water potentials in uncovered plots 
showed an average -4 bar advanta^  over covered plots. With 
increasing energy flux, the leaf-water potentials in both plots 
decreased up to I600 hours. A slight lag between the drop in 
the energy flux and recovery of leaf-water potentials could be 
observed. This lag is also evident on July 23 and August 3* 
Stomatal conductance followed the diurnal changes in the in­
cident radiation in the well-watered uncovered plots. This 
close relationship between incident radiation and stomatal 
conductance on July 16 was not observed in the stressed, 
covered plots. 
It can be seen from the data on all three days that leaf-
water potential showed a better response to changes in micro-
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climatic variables and soil-water contents than stomatal con­
ductance. On July 23, the minimum leaf-water potentials were 
closely related to the energy flux. The uncovered plots still 
showed higher leaf-water potentials than the covered plots. 
The lack of a large difference in stomatal conductance values 
between the two treatments was probably due to stomatal 
closure mediated through high air temperatures and rapid 
desiccation of leaves due to a large vapor pressure deficit. 
By August 3» considerable soil water extraction occurred 
even in the uncovered plots. However, the diurnal values of 
leaf-%:ater potentials were not much different from those of 
July 23. This was due to partly cloudy skies and low radia­
tion levels resulting in a low atmospheric evaporative demand. 
The difference in stomatal conductance between the two treat­
ments was very small, because of the partial closure of 
stomates due to the effects of low radiation levels. 
From the data of July 23, it appears that a change in 
energy flux of approximately 1.1 ly/min could result in a lo­
bar drop in leaf-water potential. Rapid increases in leaf-
water potentials due to big changes in energy flux were also 
reported by Reicosky et al. (1975)« 
Regression analysis 
Empirical regression relationships could be drawn between 
microclimatic variables and the two plant measurements, 
stomatal conductance and leaf-water potential. 
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Simple correlation coefficients relating each of the seven 
microclimatic variables and plant measurements are shown in 
Table I3. Most of the simple correlations were significant at 
the 1?S level, except open-pan evaporation and net radiation. 
It was surprising to find neither of the two radiation vari­
ables significant for stomatal conductance. Soil-water poten­
tial was better correlated with the two plant measurements 
than any of the other variables. Hourly vapor pressure 
deficit values also correlated with both plant measurements. 
Since net radiation and photosynthetically active radiation 
(PAR) are interrelated (r = O.92), the net radiation term was 
eliminated from the multiple regression fit. Also» since open-
pan evaporation integrates the effect of all other climatic 
variables, and because it was not significantly related to the 
plant measurements, it was also eliminated. Hence, only PAR, 
TEMP, VPD, WIND and SWP were included in the final model. 
The results of the series of multiple regression analyses 
of the data are shown in Table 1^ . The procedure used re­
sulted in the development of an equation containing only the 
variables most significantly related to the plant measurements, 
without seriously reducing the predictive ability of the 
equation. 
Both of the plant measurements were significantly affected 
by changes in soil-water potential. Leaf-water potential 
showed a better predictive ability with atmospheric variables 
than stomatal conductance. Vapor pressure deficit, which is 
Table 13. Simple correlation between microclimatic variables and leaf-water 
potential (LWP) and stomatal conductance (SO) (n = I30) 
Factor Unit L^WP S^C 
Net radiation (NRAD) cal/cm /min -0.27** 0.08 
Photosynthetically active 
radiation (PAR) |ieinsteins/m /sec -0.28** 0.09 
Air temperature (TEMP) °C -0.54** -0.40** 
Vapor pressure deficit (VPD) bars -0.60** -0.51** 
Wind above the canopy (WIND) m/sec -0.52** -0.35** 
Soil-water potential (SWP) bars 0.73** 0.59** 
Open-pan evaporation (OPE) cms -0.15 -0.11 
••Significant at the Vfo level. 
Table 14. Regression analysis of the relationships between leaf-water potential 
(LV/P), stomatal conductance (SC) and various microclimate variables 
2 Regression equation R f 
LWP = 
-7.22 -0.32 VPD^  ^ 0.47 124.3** 
LWP = 
-1.71 - 0.27 VPD** 0.71 SWP** 0.72 181.2^ * 
LWP = 
-0.15 - 0.20 VPD**+0.80 SWP^ *-0.001 PAR** 0.78 162.9*^  
LWP = 0.04 -• 0.19 VPD^ *+O.76 SWP**-0.001 PAR**-0.33 mm* 0.78 125.9** 
LWP = 2.08 -• 0.14 VPD^ +^0.76 SWP^ -^0.001 PAR^  ^
-0.29 WIND* - 0.11 TEMP 0.79 101. 
SC = 0.47 + 0.02 SWP** 0.35 67.7^  ^
SC = 0.55 + 0.02 SWP^ *-0.01 VPD^  ^ 0.48 59'Z** 
SC = + 
o
 
d 0.02 SWP**-0.01 VPD*^ + 0.00002 PAR*^  0.52 44.8^  ^
SC = 0.29 + 0.02 SWP**-0.01 VPD** + 0.00002 PAR^ +^0.01 TEKP^  ^ 0.54 40.0^  ^
SC = 0,22 + 0.02 SWP*^ -0.01 VPD**+ 0.00002 PAR^ * 
+ 0.01 TEMP** - 0.01 WIND^  ^ 0.56 25.6 
••Significant at 1% level. 
•Significant at 5/f level. 
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related to the transpiration of leaves, also significantly 
affected the leaf-water potential and stomatal conductance. 
It is known that under well-watered conditions, leaf-water 
potential is closely related to the incident radiation levels 
(Smart and Barrs, 1973)• But under the conditions of water 
stress, soil-water potential seems to have an overriding 
effect on the atmospheric variables. Among the microclimatic 
variables that influenced stomatal conductance, it is interest­
ing to note that photosynthetically active radiation was only 
the third most important variable. Under an adequate supply of 
water, the diurnal range in stomatal conductance is the result 
primarily of a change in incident radiation (Turner and Begg, 
1973), but under water stress the stomatal resistance is 
closely related to water status (Turner, 1974). The influence 
of incident radiation on stomatal closure is not fully under­
stood, because water deficits can induce stomatal closure 
even l-efore the influence of reduced radiation. 
Radiation Environment of Soybeans 
light energy is not uniformly distributed over the surface 
of all leaves in crop canopies under field conditions. There 
is a progressive decrease in available energy from the top of 
the canopy downward. The radiation values of greatest interest 
in plant communities are net radiation (NRAD) and phytosyn-
thetically active radiation (PAR) because of their close 
association, respectively, with évapotranspiration and photo­
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synthesis. 
Several models were proposed to describe the attentuation 
of radiation through the crop canopy. Ptonsi and Saeki (1953) 
first proposed that light penetration through a canopy would 
closely obey the Bouguer-Lambert law for extinction through a 
homogeneous medium. The Bouguer-Lambert law is expressed as 
I = IQ exp (-KL) ( 3 )  
where I is the calculated light intensity at the point in 
question, is the light intensity incident upon the canopy, 
K is ^ he extinction coefficient, and L is the leaf area index 
above the point in question. 
The Bouguer-Lambert law has been applied to soybean 
canopies by a number of researchers (Sakamoto and Shaw, 196?; 
Singh et al., 1968; Luxmoore et al., 1971; Hansen, 1971). 
Hatfield (1975) used a regression procedure, wherein -In 
(I/I^ ) was regressed on the cumulative leaf area index, to 
determine the extinction coefficient K. 
The attentuation patterns of PAR and NRAD were determined 
on three days during the growing season. The characteristics 
of the canopy at the time of the measurement are given in 
Table 15» Soybean canopies in the uncovered plots were taller 
and more dense than those in the covered plots. Leaf area 
index showed a large reduction by the time of the last measure­
ments, August 24, as the water stress caused leaf senescence 
in both treatments. 
From the PAR and NRAD measurements at different depths in 
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Table 15* Characteristics of the canopies in the two treat­
ments used for radiation attentuation studies 
Date 
Covered Uncovered 
Height 
(cm) LAI 
Height 
(cm) LAI 
July 20 51.7 3.5 56.3 4.1 
Aug 10 73.2 4.0 95.9 6.4 
Aug 24 72.9 2.7 99.6 4.6 
the canopy and cumulative leaf area index values, the model 
described in equation 3 was used to determine the extinction 
coefficients. A linear regression model was used, with -In 
(I/IQ) as the dependent variable and cumulative leaf area 
index as the independent variable. In all cases, the top 
canopy layer represented the zero point of the cumulative 
leaf area index. 
Attenuation of PAR 
The plots of -In (l/l^ ) versus cumulative leaf area index 
are shown in Fig. 16. The PAR attenuation was accurately de­
scribed by the Bouguer-Lambert law. The regression model used 
accounted for more than 95?^  of the variation in all cases. 
Hatfield (1975) observed that the Bouguer-Lambert law provided 
an adequate description of PAR penetration, because the law 
satisfies the two assumptions involved in the model: first, 
a homogeneous medium and, second, no sources of radiation 
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within the canopy. 
In a herbaceous community, the extinction coefficients are 
generally O.3 to O.5 in stands with upright leaves, and 0.7 
to 1.0 in stands with more or less horizontal leaves (Saeki, 
i960). The difference in extinction coefficients between the 
two treatments is related to the water status. On July 20, 
when the water supply was adequate, the uncovered plots ex­
hibited canopy closure, indicating that most of the PAR inter­
cepted in the top canopy layer. Even 20 days later, uncovered 
plots still showed larger extinction coefficients and canopy 
closure. But by August 24, when the uncovered plots were also 
under noisture stress, as evidenced by leaf wilting and 
senescence, the extinction coefficients showed a large drop, 
suggesting that more PAR passed through the canopy without 
being intercepted by the leaves. In the case of the covered 
plots, where the soybean plants were under severe moisture 
stress, the extinction coefficients were smaller and radiation 
penetrated through the canopy to the lower depths. Hatfield 
(1975) suggested that under moisture stress, the canopy would 
change its leaf angle to reduce the amount of light energy 
intercepted, in order to reduce the need for transpirational 
cooling. Noticeable wilting could have caused the leaves to 
act as less efficient interceptors of the incident PAR. 
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Attenuation of NRAD 
Extinction of net radiation in the canopy could also be 
described by equation 3. To avoid confusion with PAR, the 
dependent variable will be termed as -In (R^ R^ )^, where Rj,j 
is the net radiation at the point in question, and Rjj^  is the 
net radiation incident upon the canopy. A plot of the -In 
(Rpj/Rj^ ©) ^ 8 a function of the cumulative leaf area index is 
shown in Fig. 1?. Here again, the top of the canopy repre­
sents the zero point of the cumulative leaf area index. The 
Bouguer-Lambert law provides an excellent description of the 
2 
attenuation of the NRAD in the canopy, as reflected by the R 
values greater than 0,95 in all cases. The magnitude of the 
extinction coefficient for net radiation is smaller than that 
for PAR, suggesting less attenuation of net radiation in the 
canopy. Uncovered plots again had higher extinction coeffi­
cients for net radiation than covered plots. The degree of 
change in extinction coefficients for net radiation is smaller 
than the degree of change for PAR. Moisture stress in the 
covered plots is reflected by smaller extinction coefficients 
for net radiation. Singh et al. {I968) also showed the smaller 
degree of attenuation for net radiation through the. canopy as 
compared to visible radiation. 
Relationship between NRAD and PAR 
It has been found by several workers (Davies and Buttimor, 
1969; Fritschen, I9671 Shaw, 1956) that net radiation is corre-
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lated strongly with solar radiation. In recent research work 
on photosynthesis-radiation relationships, more preference is 
given to measuring photosynthetically active radiation (PAP) 
than the total short wave radiation. Since short wave radia­
tion is related to net radiation, it will be interesting to 
investigate the relationship between net radiation and 
photosynthetically active radiation. 
A linear model was fitted to the measurements of liRAD and 
PAR taken at the top of the canopy throughout the growing 
season. The regression equation describing the relationship 
between NRAD and PAR isi 
NRAD = -0.06 + 0.0002 (PAR) R^  = 0.92 (4) 
The relationship between observed and predicted net 
radiation is shown in Fig. 18. It can be seen that the regres­
sion equation provides a good prediction of net radiation from 
PAR. 
Prediction of net radiation from the PAR measurements in 
the bottom layer of the canopy is difficult because leaf 
shading and leaf senescence have a great influence on both 
short wave and long wave components of net radiation. Varia­
tions in PAR could account for only about 30, 8 and 18^  of the 
variations in net radiation in the 15-30. 30-45, and 45-60 cm 
canopy layers, respectively. 
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Leaf Sensitivity to Water Deficit 
Fischer and Hagan (196$)concluded that leaf area is very 
sensitive to water stress. Leaf area is affected by water 
stress in several ways. Although the rate of leaf initiation 
appears to be sensitive to stress (Rahman and Bierhuizen, 
1959)» individual leaf size is also quite sensitive (Gates. 
1955)• The leaf area index also depends on senescence, since 
it is expressed on a large area basis. Plant-water stress 
generally hastens leaf senescence (Asana, i960). 
Leaf size and number 
The average size and average number of leaflets per plant 
is plotted against days after planting in Fig. 19. Each point 
on the graph is an average of 40 plants for each treatment. 
The advantage in leaf area that the uncovered plots maintained 
over the covered plots occurred after the two irrigations in 
2 July. The largest advantage in average leaflet area, 39.5 cm , 
was recorded 85 days after planting for the covered plots. Un-
covered plots had the largest leaflet area of 46.9 cm at 92 
days after planting. The decrease in average leaflet area dur­
ing the later part of the grovdng season was due to the large 
drop in the number of leaflets. 
From the number of leaflets remaining on the plant and 
the number of total nodes on the plant, an estimate of the 
number of leaflets that had fallen was obtained at 8 times 
during the growing season (Table I6). An analysis of variance 
for the data indicated highly significant differences in the 
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Fig. 19. Average size and average number of soybean leaflets 
per plant as a function of time (n = 40) 
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Table 16. Number of leaflets on the plant, an estimate of 
fallen leaves and ^  senescence as a function 
of time for the two treatments^  
Number of Number of 
leaflets fallen leaves senescence 
planting Gov. Uncov. Gov. Uncov. Gov. Uncov, 
64 29.1 31.9 4.1 4.1 14.1 12.9 
71 37.0 39.4 3.1 2.8 8.4 7.1 
78 42.6 46.9 5.6 4.6 13.1 9.8 
85 40.4 50.7 11.2 9.2 27.7 18.1 
92 42.7 52.8 11.3 11.6 26.5 22.0 
99 37.5 47.8 14.8 16.1 39.5 33.7 
106 29.3 42.0 16.8 20.4 57.3 48.6 
111 28.1 35.6 18.8 24.0 66.9 67.4 
E^ach observation is the mean of 40 plants. 
number of leaflets between the two treatments. The change in 
the number of leaflets with time was different for the two 
treatments as evidenced by a significant treatment interac­
tion with time. Uncovered plots maintained a distinct advan­
tage in the number of leaflets per plant over the covered plots. 
The differences between the two treatments were very evident 
during the latter part of the growing season. 
Analysis of variance for the fallen leaves, however, 
showed no significant differences between the two treatments. 
However, there was a significant interaction between treatment 
100 
and time. Soybean plants in the covered plots were under 
severe stress and leaf senescence was greater in the covered 
plots. Uncovered plots were under moderate stress earlier in 
August and, hence, the percent senescence was lower than in 
the one in the covered plots during that time. With progres­
sive soil drying, the uncovered plots showed as much senes­
cence as the covered plots by 111 days after planting. 
From the above discussion, it is evident that moisture 
stress effects on leaf area could be brought about by the dual 
influence on the leaf size, as well as number of leaves and 
leaf senescence. 
Leaf area distribution 
Light models such as those presented by Konsi and Saeki 
(1953) and Konteith (I965) require the distribution of leaf 
area index with height. Leaf area distributions with height 
for the covered and uncovered plots, respectively, are pre­
sented in Tables 17 and 18. Analysis of variance for the data 
showed that there were significant differences in the leaf area 
index between the treatments in all the canopy layers, except 
the 15-30 cm layer. 
Several interesting facts emerge from an examination of 
the data. Most of the leaves in the soybean plants were con­
centrated in the top layers of the canopy. Uncovered plots 
showed a larger leaf area index in the top layers as compared 
to the covered plots. Leaf area index values in the bottom 
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Table 1?. Leaf area index in different strata of the crop 
canopy for the covered plots 
after Canopy depth from the top (cm) 
planting 0-15 15-30 30-45 45-60 60-75 Total 
71 2.1 1,0 0.4 0.2 - 3.7 
78 1.9 1.2 0.7 0.2 - 4.0 
85 1.5 1.2 0.8 0.4 0.1 4.0 
92 1.5 1.2 1.1 0.5 0.1 4.4 
99 1.4 1.0 0.8 0.5 0.2 3.9 
106 1.3 0.9 0.6 0.2 0 3.0 
111 1.1 0.8 0.6 0.2 0.2 2.9 
Table 18. Leaf area index in different strata of the crop 
canopy for the uncovered plots 
after Canopy depth from the top (cm) 
planting 0-15 15-30 30-45 45-60 60-75 Total 
71 2.2 1.1 0.7 0.5 - 4.5 
78 2.4 1.2 0.9 0.6 0.3 5.^  
85 2.3 1.2 1.2 0.9 0.5 6.1 
92 2 .1  1 .5  1 .2  1 .1  0 .6  6 .5  
99 1.7 1.4 1.2 1.0 0.5 5.8 
106 1.7 1.2 1.1 0.7 0.4 5.1 
111 1.4 1.0 0.8 0.5 0.4 4.1 
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layers of the canopy substantiate the observations on leaf 
senescence. In the covered plots, leaf senescence was re­
sponsible for lower leaf area index values. Preferential 
flow of water to the young developing leaves at the top could 
have caused leaf senescence in the bottom layers. 
Leaf area distributions for soybeans, presented as a 
function of total leaf area index between the top of the 
canopy and depth d, are shown in Fig. 20. For the sake of 
clarity, data taken on 71, 99 and 111 days after planting 
only are shown in the figure. Cylindrical distributions of 
leaf area are shown in the figure for the sake of comparison. 
Moisture stress effects on leaf area distribution are apparent 
from the shape of the curves. Leaf area in the covered plots 
is more concentrated in the top layers and deviation from the 
cylindrical distribution is significant. In the case of the 
uncovered plots, however, at 99 days after planting, the 
leaf area distribution approaches a uniform pattern, as shown 
by the cylinder. 
Blad and Baker (1972) attributed the differences in leaf 
area distribution due to different light intensities in the 
soybean communities. Extinction coefficients presented in the 
discussion on radiation environment of soybeans showed that 
canopy closure occurred in the uncovered plots due to larger 
leaf area indices, whereas the covered plots showed radiation 
penetration in the lower depths of the canopy. The apparent 
differences in the leaf area distributions appear to be 
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mediated by moisture-stress effects more dominantly than the 
effects of variations in PAR. 
ResTXînse of leaf area to soil-water potential 
Changes in soil-water contents are intimately related to 
rates of plant growth. Leaf area has been shown to be ex­
tremely sensitive to water deficits, which prompted Shawcroft 
et al. (I97O) to suggest that leaf area could be used as a 
plant parameter to evaluate water status of a crop under field 
conditions. Very little work has been done in this direction 
because of the tedious work involved in measuring leaf area. 
Recent developments on electronic foliometers made the mea­
surements of leaf area easier. To assess the water-deficit 
effects on soybean leaves, an index which can be termed "change 
in unit leaf area" is developed. In order for this index to 
be sensitive, a large number of plants, 40 to be exact, have 
been sampled weekly and the number of leaves and leaf area 
of each plant have been measured separately and accurately. 
Change in unit leaf area is the difference in average leaf 
area (leaf area/number of leaves) over a period of time, seven 
days in the present case. 
Initial evaluation as to whether the index, change in unit 
leaf area, is sensitive enough to changes in soil-water status, 
could be made through a plot against soil-water potential (Fig. 
21). It can be seen that there is a very good correlation 
between the index and soil-water potential for the uncovered 
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Fig. 21. Changes in unit leaf area as a function of soil-
water potential (n - 40) 
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plots. Large decreases in the index values could be observed 
as the soil-water potential decreases. Change in unit leaf 
area did not show a good correlation with soil-water potential 
in the case of the covered plots, probably because of a non­
uniform spread of soil-water potentials, as well as enhanced 
leaf senescence due to moisture stress. 
Relationship between change in unit leaf area and growth rates 
Since leaf area is an important component in carbon 
assimilation, it follows that any reduction in leaf area will 
have a dominant effect on growth rates. Relative growth rate 
as a function of the index change in unit leaf area is shown 
in Pig. 22. It can be seen that when the change in unit leaf 
area shows a drop from 4 cm , the relative growth rates showed 
a reduction, especially in the uncovered plots. The gen­
eral trend in the figure points to the fact that for the 
relative growth rates to be optimum the leaves should show 
good water status, as reflected by constant leaf expansion. 
Leaf enlargement as a function of soil-water potential, leaf-
water potential and stomatal conductance 
Boyer (1970b) showed that as leaf-water potentials de­
creased, leaf enlargement was inhibited earlier and more 
severely than photosynthesis or respiration. This fact sug­
gests that a minimal leaf turgor must be present before rapid 
leaf enlargement will occur. Growth was completely halted by 
a drop of leaf-water potentials to about -4 bars in sunflower 
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(Boyer, I968), -7 bars in maize (Acevedo et al., 1971). and 
-12 bars in soybean (Boyer, 1970b). 
Leaf enlargement for soybeans as a function of soil-water 
potential is shown in Fig. 23. Data from both covered and un­
covered plots were pooled to show this relationship. It is 
apparent that any reduction in soil-water potential below -4 
bars showed a rapid loss in leaf enlargement and at -8 to -10 
bars, leaf enlargement had completely stopped. 
The leaf enlargement rates as a function of leaf-water 
potential and stomatal conductance are presented in Fig. 24. 
Data points on the figure represent the pooled data from both 
treatments. From the figure it appears that leaf enlargement 
showed a better response to changes in leaf-water potential 
than to stomatal conductance. This difference in response vra.s 
probably associated with the different roles of water in each 
(iioyer, 1970b). Leaf-water potential represents the changes 
in water status of the growing cells themselves, whereas 
stomatal conductance refers to the diffusion of both COg and 
water vapor. Reduction in leaf-water potential to less than 
-8 bars was associated with a large reduction in leaf enlarge­
ment and at a leaf-water potential of -12 bars, the growth was 
completely halted. Under constant environment chamber condi­
tions, Boyer (1970b) found that at -4 bars, leaf enlargement 
was 25/» of the observed maximum and at -12 bars the leaf en­
largement dropped to zero. In the present experiment, the 
reduction to 25/5 of the observed maximum occurred at a leaf-
108 
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Fig. 23. Rates of leaf enlargement for soybeans at various 
soil-water potentials 
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water potential of -8 bars. This indicates an adaptation of 
soybean plants under continuous moisture stress conditions in 
the field. That plants are more adapted to moisture stress 
under field conditions was also shown by Jordan and Ritchie 
(1971). At stomatal conductance values less than 0.4 cm/sec, 
leaf enlargement showed a rapid reduction and at 0.2 cn/sec, 
no enlargement was observed. 
Prediction of leaf area index in soybeans 
leaf area index is an important input in various transpira­
tion models, as well as models predicting plant photosynthetic 
rates. Determination of leaf area index has involved several 
methods, which included blueprint and planimetering, area 
photometer, linear dimensions, graded standards, dot counting, 
disc punching, light interception, and use of electronic 
foliometers (Francis, I969; Hatfield et al., 1976; KcKee, 
1964; Marshall, I968; Wiersma and Bailey, 1975» Williams, 1954). 
Hatfield et al. (I976) reported on the accuracy and precision 
in measuring leaf areas with an electronic foliometer. Elec­
tronic foliometers provide accurate measurements of leaf area, 
but the hi^  costs involved are prohibitive and measuring leaf 
areas of a large number of plants is time consuming. It would 
be highly desirable if leaf area could be predicted from more 
easily available measurements, like leaf dry weight and number 
of leaves. Robison and Messengale (I967) showed that leaf 
weight could be used to determine leaf area in alfalfa. 
Ill 
From the detailed data available at weekly intervals on 
leaf dry weight, leaf number and leaf area measured with an 
electronic foliometer, regression procedures were used to 
predict leaf area index. Pig. 25 shows the leaf area per 
plant as related to leaf weight and number of leaflets per 
plant. Each point on the figure is the average of 10 plants. 
The linear regression of leaf area on leaf weight was highly 
significant (P<0.0001). Such a relationship was also obtained 
by Koller (1972). It is obvious that leaf area per plant would 
be closely related to the number of leaflets per plant. Linear 
regression is again highly significant (P<0,0001). 
Measured leaf area per plant (Y) is fitted against leaf 
weight (X^ ) and number of leaflets per plant (Xg) using 
multiple regression. The prediction equation is, 
Y = -286.7 + 80.3 (X^ ) + 31.5 (Xg) n = 79 (5) 
= 0.96 P<0.0001 
It is evident that the leaf area index could be accurately 
predicted using the more easily available measurements. A plot 
of the predicted leaf area index against measured leaf area 
index for the 12 weeks under consideration in Fig. 26 shows 
that the prediction equation is very useful to provide leaf 
area index values well within the errors of measurement. How­
ever, how well this particular regression equation would pre­
dict leaf area index under a different set of conditions is 
not known. 
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Top and Root Relations of Soybeans 
Data collected during the 1975 growing season will be used 
to draw quantitative relationships between top and root growth 
of soybeans under field conditions. From the nutrient analysis 
data, attempts will be made to evaluate the nutrient uptake 
by soybean roots. 
TOT? growth of soybeans as related to root development 
The first complete set of measurements on top and root 
data was made 43 and 44 days after planting (June 24 and 25). 
At that time, the soil profile was moist (Table 19). and the 
plants were at stage V6. Plant height averaged O.I96 m (Table 
20) and rooting depth was about 1.0 m (Table 21). The dry 
weight of tops totalled 50 g/m (Table 20) and that of roots 
amounted to 13 g/m (Table 21) for a top-root ratio of 3*8. 
An average square meter of ground surface contained 882 m of 
roots (Table 22) and 1.4 meter square of leaf area (Table 20); 
therefore, about 630 m of roots supplied water and nutrients 
to each meter square of leaf area. 
The second set of measurements was made 57 to 59 days 
after planting (July 7 to July 9). Plant development stage 
was VlORl. Plant height (0.405 m) had doubled in the 15 days 
since the first set of measurements (Table 20). Volumetric 
soil water contents ranged from I7.3# in the surface cm of the 
soil to ZS.Sfa at the I50 to 180 cm depth. These values 
correspond with soil-water potentials of -6.2 and -0.4 bars. 
Table 19. Volumetric soil-water contents (j1) as a function of soil depth and time 
Depth 
(cm) 
June Julv Aufi Set)t 
2 24 3 10 21 28 4 14 20 22 
0-15 28.7 31.1 18.3 17.3 15.7 16.9 16.2 14.6 23.0 20.6 
15-30 28.8 29.8 21.2 17.4 15.1 16.6 15.1 14.9 16.9 15.6 
30-60 26.8 27.4 22.6 19.2 14.0 14.5 14.1 13.0 14.4 13.8 
60-90 25.8 26.0 24.6 22.0 14.1 13.3 13.0 11.6 12.9 12.9 
90-120 26.2 26.2 25.0 24.5 19.6 17.4 13.5 12.0 11.9 12.0 
120-150 27.1 26.7 25.7 25.6 22.8 22.5 19.2 15.3 13.8 13.4 
150-180 27.5 27.6 26.8 26.6 25.1 25.0 23.2 20.9 18.7 18.2 
180-210 — - — — - — — 22.3 21.4 21.9 
Table 20. Changes in height, leaf area index, and dry matter accumulation during 
the growing season* 
after Height Dry matter 
planting m LA.I Leaf Stem Petiole Podwall Seed Total 
29 0.100 0.4 13.2 5.4 3.6 22.2 
36 0.136 0.6 16.2 4.0 1.6 21.8 
43 0.196 1.4 32.2 9.4 8.5 50.1 
50 0.294 2.6 55.8 22.8 17.3 95.9 
58 0.405 4.2 112.9 59.8 37.5 210.2 
65 0.485 4.6 125.9 84.4 47.9 258.2 
72 0.583 5.6 174.2 113.6 68.7 3.5 360.0 
79 0.718 _b 230.3 138.1 77.1 17.6 463.1 
86 0.825 _b 229.6 186.6 97.5 57.3 571.0 
94 0.839 _b 193.9 180.4 88.4 83.0 38.8 584.5 
101 0.861 _b 190.3 170.5 80.7 102.4 112.2 656.1 
108 0.869 _b 228.6 204.9 83.1 140.8 218.5 875.9 
114 0.867 _b 199.8 198.4 109.6 179.7 308.1 995.6 
a^ch observation is the mean of 40 plants. 
S^ee Table ?. 
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Table 21. Dry weight of Wayne soybean roots (g/m ) as a 
function of soil depth and time 
Depth June 25 July 8 July 15 July 25 Aug 6 
(m) (57) (64) (74) (c55) 
2 Dry weight (g/m ) 
0.000-0.075 6.2 15.3 10.7 11.0 8.3 
0.075-0.150 3.6 3.4 5.1 3.6 5.5 
0.150-0.225 1.7 2.4 1.7 2.6 3.4 
0.225-0.300 0.5 2.2 1.4 1.7 1.5 
0.300-0.375 0.1 1.2 1.9 1.2 1.4 
0.375-0.450 0.1 1.2 2.1 1.4 2.1 
0.450-0.525 0.3 0.5 2.4 1.6 2.5 
0.525-0.600 0.4 0.5 2.5 1.3 1.9 
0.600-0.750 0.3 0.6 5.1 3.4 3.2 
0.750-0.900 0.03 0.6 3.5 3.7 5.6 
0.900-1.05 0.01 0.4 1.4 4.9 4.4 
1.05-1.20 - - 0.6 1.8 7.5 
1.20-1.35 - - 0.2 1.3 5.1 
1.35-1.50 - - - 1.5 4.0 
1.50-1.65 - - - 0.7 1.0 
1.65-1.80 - - - 0.1 1.0 
Loose roots 0.1 2.8 1.1 1.6 -
Total 13.3 31.1 39.7 43.4 58.4 
^Numbers in parentheses indicate days after planting. 
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Table 22. Meters of soybean roots per meter square of ground 
surface area for various soil depth increments and 
times 
Depth 
(m) 
June 25 
(44)% 
July 8 
(57) 
July 15 July 25 Aug 6 
(64) (74) (85) 
•Soybean roots (m/m )• 
0.000-0.075 177 804 559 156 168 
0.075-0.150 336 524 669 182 233 
0.150-0.225 194 359 223 139 150 
0.225-0.300 34 333 171 69 68 
0.300-0.375 12 181 262 66 59 
0.375-0.450 13 181 312 68 95 
0.450-0.525 29 153 334 59 96 
0.525-0.600 34 153 444 63 104 
0.600-0.675 18 44 444 89 93 
0.675-0.750 12 43 523 90 93 
0.750-0.900 2 82 727 234 256 
0.900-1.05 <1 49 271 240 204 
1.05-1.20 0 0 111 80 262 
1.20-1.35 0 0 44 90 248 
1.35-1.50 0 0 - 115 166 
1.50-1.65 0 0 - 53 44 
1.65-1.80 0 0 - 8 62 
Loose roots 20 406 368 122 125 
Total 882 3312 5462 1923 2526 
^Numbers in parentheses indicate days after planting. 
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respectively. The rooting depth (1.0 m) had not increased 
during the 14-day interval (Table 21). Mitchell and Russell 
(1971) also found that roots are mainly concentrated in the 
surface layers during early stages of soybean growth. Top 
dry weight had increased fourfold to 210 g/m (Table 20), but 
2 
root dry weight increased only from I3 to Jl g/m during the 
15 days (Table 21). Root length also increased to 3300 m of 
roots/m ground surface so that about 790 m of roots furnished 
water and nutrients to each meter square of leaf area. 
The third set of measurements was obtained 64 and 65 days 
after planting (July 15 and 16). The plants were at develop­
ment stage VI3R2. Plant height had increased to 0.4-85 m. 
Since no appreciable amount of rain had fallen during the week 
since the previous samples, water extraction was substantial 
to at least the 120 cm depth (Table 19). Top and root weights 
both increased during the week. Top-root ratio, however, 
slightly decreased to about 6.5. Leaf area and root length 
both increased during the 7 days between sets of measurements. 
By this time, II90 m of roots were supplying water and nutri­
ents to each meter square leaf area. 
The July drought (Table 19) continued after the fourth set 
of measurements was made 72 to 7^  days after planting (July 
23 to 25). Development stage was V15R2, and plant height 
2 
averaged 0.58 m. Top weight increased more than 100 ^ m 
during the 10 days but root weights increased only about 4 g/ 
2 
m . As a result, the top-root ratio increased to 9*0. Leaf 
120 
area also increased, but total root length decreased because 
substantial quantities of roots died at all depths above 0.9 m. 
Root length evidently decreased at any depth at which volu­
metric water contents were below 16^  or soil-water potential 
was below -2 bars. The root length decrease during this 
period was not an artifact of the root-measuring technique 
because it was also observed in an experiment where 5 root 
sampling techniques were compared (Bohm et al., 1977). At 
this time, 3^ 5 m of roots were supplying water to each m leaf 
area. 
The fifth sampling period was 85 and 86 days after plant­
ing (August 6 and 7) when the plants had developed to stage 
V18R4 and were O.83 m tall. Even though some rainfall was 
received between July 25 and August 6, the soil-water content 
was below 140 at the 120 cm depth (Table 19). Top weights 
had continued to increase, but leaf weights stabilized (Table 
20). Root weights continued to increase (Table 21) even though 
some pods had formed (Table 20), The top-root ratio was 9.5, 
2 2 
and the leaf area was 7.7 m /m (Table 23). Most of the leaves 
were located in the upper 60 cm of the plant canopy (Table 23). 
2 Root length was about 2530 m/m . Thus, about 329 m of roots 
2 
supplied water and nutrients for each m of leaf area. 
Root sampling was terminated on August 6 (day 85) because 
the soil block fractured consistently during sampling at these 
water contents (Bohm et al., 1977). Top growth sampling was 
continued until 114 days after planting. Plots were harvested 
121 
Table 23. Leaf area index in different strata of the crop 
canopy 
rx Leaf area index^  
after 
planting 
0-15 15-30 30-45 45—60 60-75 
79 2.5 1.7 1.0 0.6 0.2 
86 1.7 2.1 1.8 1.2 0.4 
94 1.7 1.9 1.7 0.8 0,3 
101 1.7 1.7 1.5 0.7 0.3 
108 1.9 2.1 1.6 0.9 0.3 
114 1.6 2.0 1.6 0.8 0.5 
6 . 0  
0.5 7.7 
6.4 
5.9 
0.3 7.1 
6.5 
0-I5 cm height represents the top canopy stratum fol­
lowed by the respective subdivisions at 15-cm increments 
within the canopy. 
on day 154. 
Leaf dry matter reached its maximum 79 days after plant­
ing and leaf area index reached its maximum of 7.7 at 86 days 
after planting. Some lower leaves dropped from the plants 
between days 86 and 101, presumably because of drought stress. 
After 2.0 cm of rainfall on day 74, leaf dry matter and leaf 
area again increased. By day 108, leaf dry matter and leaf 
area index again decreased. This was caused by the onset of 
maturity. By day 121, about 6o^  of the leaves had fallen from 
the plants. Leaf area of green leaves was estimated at 0.6 
i^ /m on day 121. 
Plant height continued to increase slightly during the 
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drought stress period (86 to 101 days) even though leaf area 
dropped. After day 101, plant height stabilized, but leaf 
area again increased. In spite of these trends, plant height 
and leaf area index were positively correlated (r = O.95). 
Light models, as described by Monsi and Saeki (1953) and 
Monteith (I965) require leaf area index distribution with 
depth within the canopy (Table 20). Leaf area was concentrated 
near the upper portions of the canopy. As the crop developed, 
a complete closure of the canopy occurred, the lower leaves 
were shaded to a greater extent than before and photosyn-
thetically active radiation levels were reduced (Sakamoto and 
Shaw, 1967). With the senescence of lower leaves, the leaf 
area became concentrated in the top layers of the canopy, which 
agreed with the results reported by Blad and Baker (1972). 
Final seed yield was 2096 kg/ha when the soybeans were 
harvested 15^  days after planting. Seed moisture was 8.1# by 
weight. 
Evaluation of nutrient uptake by soybean roots 
Before a discussion on the nutrient uptake by the soybean 
roots is given, it is pertinent to focus some attention on the 
patterns of dry matter accumulation in the tops. The rela­
tionships between the age of the plant and dry weight accumula­
tion in the tops are shown in Fig. 27. Between 40 and 85 days 
after planting, the increase in the total dry weight of the 
above-ground plant parts showed a linear increase with time. 
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However, total dry matter accumulation in the above-ground 
plant parts showed little increase between 86 and 101 days 
after planting, but then showed a rapid increase between 10] 
and 115 days after planting. There was an appreciable in­
crease in the dry weight of the seeds and pods during the 
period from 86 to 101 days after planting, even though there 
was no increase in the total above-ground plant weights during 
this period (Fig. 29). Some leaves fell from the plants during 
this period and there was a loss in leaf wei^ t. However, 
later increases in leaf weights indicate that some of the loss 
in the leaf weight during this period may have been due to the 
depletion of su^ rs in the vegetative plant parts due to trans­
location of sugars to developing seeds and pods, and that 
soluble sugars again accumulated in these vegetative plant 
parts later in the season. The total above-ground dry matter 
accumulation was 9956 kg/ha. 
Root lengths obtained during the season showed a continu­
ous increase up to 65 days after planting but showed a rapid 
decrease between 65 and 72 days followed by a small increase 
between 72 and 85 days as shown in Fig. 28. Substantial quan­
tities of roots died at all depths above 0.9 m during the 
65-72 days time period. The decrease in root lengths during 
this time period evidently occurred where the volumetric 
soil-water contents were below 16^ . The root sampling was 
stopped by 85 days after planting because the soil block 
fractured consistently during the sampling due to low soil-
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water contents. Therefore* no relationships could be de­
veloped between root length and dry matter or nutrient accumu­
lation in the plant for the latter part of the growing seas* n 
Accumulation of N, P, and K in the plants during the 
season followed patterns very similar to that for dry matter 
accumulation, as shown in Fig. 29. The total amounts of 
nutrients accumulated in the above-ground plant parts were 
255» 30. and 115 kg/ha of N, P, and K. respectively. The 
relative amounts of these nutrients in the plants were slightly 
greater than the relative amounts of dry matter during the 
vegetative period of plant growth, prior to 78 days after 
planting. The relative amounts of N, P. and K accumulation 
in the seeds and pods were greater than the dry matter in 
these parts. At maturity, 70 to 80fS of the total N, P, and 
K in the plants was in the seeds and pods as compared to 50^  
of the dry matter. Thrower (1962) and Blomquist and Kust 
(1971) showed that translocation of nutrients from vegetative 
plant parts to reproductive organs occurred at a rapid rate 
during pod filling. From dry matter and nutrient accumulation 
curves, it is apparent that translocation from other parts to 
the seed is inadequate to explain the increase in the nutrients 
in the whole plants. It is evident that soybean plants con­
tinue absorption and translocation of nutrients during pod 
filling. Sink activity at this stage is probably an active 
polarizing force on the roots. 
Nutrient uptake rates per plant for N, P, and K are shown 
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as a function of time in Table 24. The uptake patterns ex­
hibit two time periods of peak accumulation, the first occur­
ring at early flowering stage, followed by a maximum during 
the seed filling stage. Harper (1971) showed that nutrient 
uptake rates were maximum between full bloom and midpod fill. 
Hanway and Weber (1971b) characterized nutrient accumulation 
by a linear section between full bloom and green bean stage. 
The maximum rates of uptake were obtained long after the 
period of occurrence of maximum root lengths. Kengel and 
Barber (1974) showed that maximum nutrient uptake rates in the 
case of com occurred at less than maximum root lengths. 
Nitrogen and potassium uptake rates dropped down considerably 
between 80 and 94 days after planting, with phosphorus uptake 
showing a minimum a week later. This was apparently due to 
moisture stress as reflected by an average volumetric soil-
water content of 16#. 
Any effective index that related nutrient uptake to root 
growth should be able to explain the relative changes in the 
dry matter accumulation and nutrient uptake patterns. Nutrient 
flux into the root, according to Kengel and Barber (1974), is 
the important information needed for understanding the sig­
nificance of the levels of available soil nutrients needed at 
various stages of plant growth, and the extent of the root 
system needed to supply required nutrients. Nutrient flux 
has been defined as the rate of nutrient uptake per unit of 
root. 
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Table 24. Nutrient uptake rate per plant as a function of 
time 
Days after 
planting 
Nutrient uptake rate (umoles/dav) 
N P K 
36-43 316 18 80 
44-50 652 32 113 
51-58 1142 60 164 
59-65 326 18 48 
66-72 850 46 142 
73-79 978 42 124 
80-86 450 37 33 
87-94 0 23 33 
95-101 I663 9 187 
102-108 1642 106 412 
109-114 561 74 49 
riutrient flux, expressed as pmoles nutrient uptake per 
meter of root per day, at seven stages during the growing 
season for N, P, and K is given in Table 25. The flux values 
showed that the highest uptake rates per meter of root occurred 
40 days after planting. It is interesting to note that the 
changes in the slope of the curves in Fig. 29, showing the 
slow N, P, and K uptake rates during the time periods 59-65 
and 80-86 days after planting, are closely related to the 
changes in nutrient flux rates. Nutrient flux values were 
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Table 25. Flux of N, P, and K into soybean roots under 
field conditions 
Days after 
planting 
Nutrient urtake rate (umoles/m/day) 
N P K 
36-43 19.8 1.1 5.0 
44-50 20.4 1.0 3.5 
51-58 15.9 0.3 2.3 
59-65 1.9 0.1 0.3 
66-72 5.3 0.3 0.9 
73-79 14.4 0.6 1.8 
80-86 5.6 0.5 0.4 
minimum during the 59-65 days time period when the maximum 
root lengths occurred. The increase in the flux rates two 
weeks later was due to a rapid decrease in the root length. 
This decrease, as mentioned before, was not an artifact of the 
root measuring techniques. 
As was pointed out earlier, root sampling was stopped at 
85 days after planting. No root-length data are available to 
describe the root-length - nutrient uptake relationships 
during the later part of the growing season. Studies by Borst 
and Thatcher (I93I), Kumura and Naniwa (I965) and Buttery 
(1969) of soybean root growth show that root growth has 
ceased by the time seed growth begins. But the maximum N, P, 
and K uptake rates per plant occurred during the seed filling 
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stage. How could the soybean plants show such high nutrient 
uptake rates when the flux rates are so low? 
Bar-Yosef et al. (1972) indicated that only roots less 
than 7 days old were absorbing nutrients. In order to test 
this hypothesis, nutrient flux values were calculated using 
only data of roots produced between successive sampling times. 
The time intervals between these sampling times ranged from 
7-13 days. Table 26 shows the recalculated flux values. From 
the flux values it may appear that new roots produced 75 days 
after planting are extremely effective in absorbing the 
nutrients. But from the data on the root lengths as a func­
tion of time and depth (Table 22), it is apparent that most of 
the new roots are produced below 0.60 m. The availability of 
nutrients below these depths is low and, hence, the nutrient 
flux values calculated using the data of new roots csinnot 
explain the increased nutrient uptake. 
It is well known that mass flow is responsible for the 
movement of nitrogen to the roots, whereas diffusion accounts 
for the uptake of phosphorus and potassium (Barber, 1976). 
The volumetric soil-water contents, as a function of time and 
depth, showed rapid decreases as the season progressed (Table 
19). Barber (1976) noted that increasing the water content or 
volumetric water percentages of soil directly increases diffu­
sion. Based on volumetric water percentages in the present 
experiment, it can be concluded that both mass flow and dif­
fusion rates were reduced with the age of the plant. 
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Table 26. Flux of N, P, and K into soybean roots as related 
to new roots 
Days after 
planting 
Nutrient urtake rate (umo les/m/day) 
N P K 
36-43 19.3 1.0 4.0 
44-56 9.5 0.5 1.7 
57-63 5.3 0.3 0.7 
64-73 90.8 5.2 14.3 
74-85 36.2 2.0 5.2 
The question that remains unanswered is how the soybean 
plants continue taking up nutrients when the soil is dried out 
and when the root system is reduced. Data of Mengel and 
Barber (197^ ) also showed a 395^  increase in the nitrogen 
uptake rate of com between 80 and 100 days after planting 
while there was a kyfo decrease in the root length. Their 
nitrogen flux rates showed a 913/^  increase during the same 
time period. The data here show a 6585S increase in nitrogen 
flux between 65 and 80 days. These data probably suggest a 
definite polarizing force of the sink activity on the roots. 
Eastin smd Gritton (I969) showed that sink size has an effect 
on the activity of the photosynthetic apparatus. 
It is imperative that more research is needed for the 
elucidation of the relationship between root growth and 
nutrient uptake during the seed filling stage. A quote from a 
recent article on efficient fertilizer use by Barber (1976) 
I 
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seems very appropriate, "What biological mechanism within the 
plant regulates the rate at which plants absorb nutrients 
per unit of root surface?" 
Growth and Dry Matter Accumulation of Soybeans 
Under Moisture Stress 
Basic to the development of improved varieties and im­
proved crop yields under moisture stress conditions is the 
availability of information regarding the water deficit effects 
on the rate of dry matter accumulation with time. Data col­
lected during the 1976 growing season will be used to illus­
trate the water stress effects. Before the presentation of 
quantitative data on dry matter accumulation, a discussion on 
the rate of dry matter increase for soybeans may be pertinent. 
Fig. 30 shows the rate of dry matter increase for the 
soybeans. The extremely low efficiency in the early stage 
reflects the large amount of light wastage in an incompletely 
covered stand. In the late stage, the rate of dry matter 
accumulation is reduced because photosynthesis has already 
reached a plateau after full development of the canopy; 
whereas, the respiration rate continues to rise with the in­
crease of nonphotosynthetic organs in the plant. The soybean 
crop accumulated a greater part of the dry matter in the mid­
dle of the season when the plant was actively growing and the 
cover was nearly complete. About 809S of the final dry matter 
yield was produced in the middle period covering 30?^  of the 
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growing season. The effect of moisture stress in the 
covered plots is obvious as the plants reached only about 
60^  of the maximum dry matter produced in the uncovered plots. 
In Tables 2? and 28 the changes in height, leaf area index 
and dry matter accumulation during the growing season for the 
covered and uncovered plants are given. There were signifi­
cant differences in height, leaf area index, and dry matter 
accumulation between the two treatments as evidenced by the 
highly significant F values for the treatments, weeks of 
sampling, and the interaction terms. Severe moisture stress 
in the covered plots kept the plants short and stunted. The 
effect of two good irrigations on plant growth is evident in 
the uncovered plots, as the plants were 25 to 30^  taller than 
those in the covered plots. The maximum advantage in height 
was noticed at around I06 days after planting when the soybean 
plants in the uncovered plots were about 0.2? m taller than 
the covered plants. 
Rapid changes in leaf area index occurred when the plants 
were in growth stage V10R2. Under the short supply of water, 
increases in the leaf area index in the covered plots were 
slow, and by stage V18R3 the leaves started to senesce. Un­
covered plots, however, reflected a better water status in 
greater leaf area indices. Maximum differences between the 
two treatments occurred by stage V17R2 when the uncovered 
plots showed a 60^  increase over the covered plots. 
Dry matter accumulation for the two treatments, shown 
Table 2?, Changes in height, leaf area index, and dry matter accumulation during 
the 1976 growing season for the covered plots 
2 Days Dry matter (g/m ) 
after 
planting 
Height 
(mT LAI Leaf Stem Petiole Podwall Seed Total 
37 0.138 0.5 56.8 6.8 8.4 77.0 
44 0.185 1.0 37.7 12.4 9.4 59.5 
51 0.264 1.3 55.2 19.5 15.3 90.0 
60 O.38O 2.3 96.1 45.8 27.4 169.3 
64 0.'+20 2.6 110.4 52.6 33.9 196.9 
71 0.517 3.5 142.4 86.8 50.0 284.2 
78 0.608 3.9 207.4 99.5 56.5 363.4 
85 0.700 3.8 197.9 124.0 71.6 11.2 404.7 
92 0.732 4.0 198.4 147.1 79.6 48.9 474.0 
99 0.755 3.4 175.4 137.6 67.3 68.3 14.6 463.2 
106 0.729 2.7 143.3 124.6 86.0 74.2 56.8 484.9 
111 0.757 2.4 132.4 127.1 54.1 79.7 91.6 484.9 
121 - - 38.4 121.9 37.2 85.4 159.2 442.2 
S.E. 0.063 0.38 19.7 10.7 10.1 5.5 14.7 41.5 
E^ach observation is the mean of 4o plants. 
Table 28. Changes in height, leaf area index, and dry matter accumulation during 
the 1976 growing season^ - for the uncovered plots 
Days 
after 
planting 
Hei ght 
(m) LAI 
ùry matt ex- ( )  
Leaf Stem Petiole Podwall Seed Total 
37 0.152 0.6 75.5 8.3 4.7 88.5 
44 O.I89 1.0 40.4 13.1 9.0 62.5 
51 0.263 1.4 62.9 21.8 17.1 101.8 
60 0.370 2.3 96.0 45.5 27.0 168.5 
64 0.416 2.9 129.4 56.4 37.8 223.6 
71 0.563 4.1 164.7 100.1 59.7 324.5 
78 0.733 5.2 250.2 135.8 82.4 472.4 
85 0.879 6.1 326.2 198.4 110.8 9.4 644.8 
92 0.959 6.4 281.8 244.5 130.3 40.3 696.9 
99 0.993 5.6 316.9 257.5 117.0 86.7 10.3 788.4 
106 0.996 4.6 203.1 254.1 106.5 126.4 90.0 780.1 
111 0.995 3.5 182.2 247.9 99.7 122.4 110.5 762.7 
121 - - 51.3 262.4 79.0 134.6 148.7 676.1 
8.2. 0.063 0.61 19.7 10.7 10.1 5.5 14.7 41.5 
E^ach observation is the mean of 40 plants. 
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as a percent of the total maximum dry matter in the uncovered 
plots, is plotted in Fig. 31. Water deficit effects on dry 
matter accumulation are apparent, as in the covered plots all 
components except seed showed significant decreases as com­
pared to the data of uncovered plots. The analysis of vari­
ance (Table 29) also indicates the fact that there were sig­
nificant differences in dry matter accumulation at weekly in­
tervals in both treatments. However, the superiority in the 
growth of the leaves, stems, petioles and pods,witnessed in 
the uncovered plots, did not result in greater seed produc­
tion. The probable reason for such an anomaly is that at the 
time of rapid seed filling, the translocation of soluble 
sugars to the seed was incomplete due to severe shortage of 
water through the month of August. The final seed yields 
were 1077 and 1210 kg/ha for the covered and uncovered plots, 
respectively. The low yields in the 1976 season reflect the 
effects of severe shortages of the soil-water supply during 
the seed filling stage. 
Several significant facts emerge from an inspection of 
Fig. 31. Rapid increases in dry matter production were not 
observed until the plants reached the reproductive stage. 
Linear increases in dry matter accumulation could be noticed 
in leaf, stem and petiole components until about 85 days 
after planting (August 4). The month of August was charac­
terized by hot and dry days with no significant amounts of 
rainfall. Hence, the increases in dry v/eight were slow until 
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covered plots as a function of time for the two 
treatments 
Table 29. Analysis of variance for dry matter accumulation of soybeans 
Source of 
variation 
F values for each component 
d. f. Leaf Stem Petiole Pods Seeds Total 
Rep 3 
Trt 1 100.3** 275.6** 38.7** 22.5* 0.86 88.2** 
Error a 3 
Week 12 65. 6*^  ^ 204.6** 48.3* 260.0-"* 40.7** 120.1** 
Trt X week 12 5.8«* 27.7** 4.1* 14.3** 0.6 9.5** 
Error b 70 
•Significant at the 5% level. 
••Significant at the level. 
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about 100 days after planting. Observed decreases in dry 
weights after this stage were partially due to enhanced leaf 
senescence and visible wilting of leaves reflecting a low 
leaf-water status. The slight recovery in leaf growth about 
95 days after planting was related to a rainfall of 0.6 cm. 
Mo such advantage in the growth recovery has been observed in 
the case of the covered plots due to runoff caused by the 
plastic sheets. Data presented in Fig. 31 clearly establishes 
the fact that large scale increases are possible through the 
alleviation of drought during the period of flowering. But 
if a translation of this advantage has to occur through sig­
nificant seed yields, adequate amounts of water supply during 
seed filling time are highly essential. As Shaw and Laing 
(1966) pointed out, moisture supply during seed filling is 
critical for significant soybean yields. 
The quantitative evaluation of dry matter production re­
quires a knowledge of the net photosynthesis of the individual 
leaves, as well as that of total leaf area. The light satura­
tion of a single leaf occurs at a relatively low light inten­
sity. As the leaf area index increases, the saturation light 
intensity of the plant stand also increases. The theoretical 
computation of an optimum leaf area index would be simple if 
all the leaves in the canopy had the same capacity for photo­
synthesis. Since the photosynthetic rates of many plant leaves 
decline with age, high leaf area index values associated with 
shading in the later stages of plant growth lead to earlier 
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senescence. Data collected on leaf area index and dry matter 
production at weekly intervals during 1975 and 1976 for both 
the treatments were pooled to show the relationship in Fi^ . 32. 
In general, higher leaf area indices are associated with larger 
2 dry matter yields, as shown by an R value of O.7O. But the 
scatter of the data around the curve is a reminder that the 
large leaf area index values could result in shading, and many 
leaves in the canopy may be photosynthesizing at less than 
optimum rates. Hence, the development of a suitable ideotype 
has to take into consideration not only a high leaf area 
index, but also the canopy leaf arrangement, so that more 
leaves could be efficient in dry matter production. 
Nutrient uptake by soybeans under moisture stress 
The availability of water is of great significance to the 
plants need for, and ability to absorb, nutrients, and the 
soils ability to supply them. An extreme deficiency of soil 
water can cause wilting and ultimate death of the plant; but 
before such obvious effects set in, the status of nutrients 
in the soil and the plants ability to extract them from the 
soil may be impaired. All evidence indicates that low soil-
water contents are most unfavorable to the uptake of nutrients 
by plants. The specific factors affected are the size of the 
nutrient pool, the diffusion rate of ions, the extension of 
root systems and the mass flow of water (Viets, I967). 
Slatyer (I969) pointed out that while nutrient accumulation is 
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frequently reduced by water stress, the demand for nutrients 
is also reduced by water stress because of suppressed growth. 
It is probable that with certain nutrients, if they are 
slightly deficient, water stress would aggravate the defi­
ciency. 
Nutrient analysis was performed at weekly intervals on 
different components of soybean plants. Nutrient percentages 
in each of the plant components, as a function of time, are 
shown in Appendix C. Using the data on dry matter accumula­
tion, K, P, and K uptake rates were calculated as grams of 
2 
uptake per m of ground area. In order to provide a good 
contrast between the two treatments, nutrient uptake was cal­
culated for both the treatments as percent of total uptake re­
corded for the uncovered plots. 
Nitrogen Nitrogen accumulation in different plant 
components for the two treatments is shown in Fig. 33» In 
general, nitrogen uptake increased until 85 days after plant­
ing, but showed a steady decline afterwards. The slight re­
covery in uptake around 95 days after planting is related to 
a small amount of rainfall amounting to 0.60 cm. Soybean 
leaves accumulated a major portion of nitrogen taken up by 
the plants, amounting to a maximum of 66^  at the soybean growth 
stage V17R2 in the uncovered plots. Leaf senescence associ­
ated with possible translocation of soluble carbohydrates from 
out of the leaves could be the reason for the rapid decline 
in nitrogen uptake of leaves thereafter. Nitrogen accumulation 
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in stems, petioles, and pods was significantly lower as com­
pared to leaf accumulation. Soybean seeds had 27'" of the 
total accumulated nitrogen at the growth stage V18r6. Soil 
drying, which was reflected in soil-water potentials lower 
than -10 bars during the latter part of August, had a definite 
effect on the nitrogen accumulation rates, as represented by 
85 and 66^ of total at 111 and 121 days after planting, 
respectively. 
Covered plots which were under severe water shortage 
showed considerably lower nitrogen uptake rates as compared 
to the uncovered plots. That leaves represent a dominant sink 
for nitrogen accumulation even under severe water stress is 
clear from the data. A short supply of water had a telling 
effect on the nitrogen uptake, since the soybean plants in the 
covered plots could accumulate only 55/5 of the maximum total 
observed in the uncovered plots. The reasons as to why seeds 
showed a steady nitrogen accumulation later than 106 days after 
planting when under severe water stress is not clear. Positive 
interactions of nitrogen uptake with soil-water regime have 
been demonstrated previously by several authors. Work of 
Schumaker and Davis (1961) and Viets (1962) provides conclu­
sive evidence in this regard. The response of nitrogen to 
soil-water changes is due to three reasons * nitrogen defi­
ciency is more severe and common, most nitrogen is absorbed 
from the highly mobile NO^ form, and the nitrogen requirements 
of the plant are high. 
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Phosphorus Power et al. (I96I) found that more soil P 
was taken up from the wetter soils, so that the relative con­
tribution of the soil was greater the wetter the soil. An 
examination of the available data prompted Viets (1973) to 
conclude that roots cannot absorb much nutrients from dry soil 
because of lack of root activity and lower rates of ion diffu­
sion and water movement. 
Uptake of phosphorus by soybean plants and distribution 
in different components is shown in Pig. 34. One major differ­
ence that can be noticed between nitrogen and phosphorus uptake 
rates is the relative amounts in leaves as compared to other 
parts of the plant. Stems accumulate a significant amount of 
phosphorus in comparison to nitrogen. The general trend for 
the decline in nutrient uptake by growth stage V17R2 is also 
evident in the case of phosphorus. At 106 days after planting, 
seeds show a maximum phosphorus accumulation of 30^ coinciding 
with the highest uptake of phosphorus by the plant. 
Water-stress effects in the covered plots are exemplified 
by the low rates of phosphorus uptake. Soybean plants showed 
lower amounts of phosphorus uptake than nitrogen. At growth 
stage V18R4, phosphorus accumulation in the plants was only 
45^ of the maximum total in the uncovered plots, as opposed to 
of nitrogen. Leaves and stems constituted the major sink 
for phosphorus accumulation until seeds started developing. 
Rapid seed filling required larger amounts of phosphorus trans­
location from other parts. The last sampling date, which 
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occurred 121 days after planting, provided significant evi­
dence to the sink demand, since leaves, stems, petioles, and 
pods accounted for only 8.2#, whereas the seeds accumulate! 
of the total at that time. 
Barber (1976) showed that the mechanism of phosphorus 
uptake is through diffusion. This is the movement of ions in 
response to a concentration gradient of the ion species toward 
the root, which continually absorbs ions and lowers the concen­
tration at the root surface. Diffusion is directly related 
to soil-water content through its effects on tortuosity and 
the cross sectional area containing water. Rate of root 
elongation, which facilitates diffusion, is highly dependent 
on available water because root growth is. in part, a hydra­
tion process. For example, Peters (1957) showed that elonga­
tion was favored by low soil-water suction and high water 
content at a given suction. Increase in soil-water suction 
also increases the shearing strength of soils and may increase 
the mechanical impedance to root extension, particularly in 
dense soils (Barley, I963). 
Potassium Brown (1953) found that the amount of po­
tassium exchanged in 96 hours was markedly dependent on soil-
water content. Using a split-root technique, Kederski and 
Wilson (i960) found that both the percent and total K in 
plants increased with increasing levels of soil moisture. 
Barber (I976) showed that the volumetric water content of the 
soil is an important factor in calculating the effective 
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average diffusion coefficient of K to the plant roots. More 
recently, in examining a simulation model for nutrient uptake 
from soil by a growing plant root system, Claassen and Barber 
(1976) considered water influx into the root as one of the 
important components of the plant model. 
In Fig. 35» the potassium uptake is represented for 
various components of soybean plant. The data for potassium 
uptake is in general agreement with those of nitrogen and 
phosphorus, in that the uptake increased linearly up to 85 
days after planting, but showed a steady decline afterwards. 
As was observed earlier in the case of phosphorus, stems 
represented a favorable portion of total K uptake along with 
the leaves. Surprisingly enough, pods showed a significant 
potassium accumulation. That seed development is closely 
related to translocation of other components is evident. 
Unlike phosphorus, potassium accumulation in the covered 
plots is closely related to nitrogen uptake. Low nutrient 
accumulation rates associated with low soil-water potentials 
show that potassium uptake is related to available soil-water 
contents. The linear increase of potassium accumulation in 
seed associated with linear decrease in leaves, stems, peti­
oles, and pods could be indicative of the fact that even 
under severe moisture stress, accumulation of K in seed is 
accomplished through translocation out of other components 
of the plant. 
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uncovered plots in different components of soybean 
plant for the two treatments 
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Nutrient accumulation as related to dry matter accumu­
lation From the earlier discussion on the evaluation of 
nutrient uptake by soybean roots, it was felt that transloca­
tion from other parts to seed is inadequate to explain the 
increase in the nutrients in the whole plant. This appears 
to be true, even under the severe moisture stress conditions 
experienced during the 1976 growing season. Dry matter and 
nutrient uptake patterns presented together (Fig. 36) show 
that the soybean plant continues absorption and translocation 
of the nutrients during pod filling, but at reduced rates. 
Under the extreme water-deficit conditions in the case of the 
covered plots, a linear increase in pods and seeds was accom­
panied with a slow increase in total plant accumulation. Only 
in the case of the uncovered plots (110 days after planting 
onwards) was a decrease in total accumulation observed, with 
a slow increase in uptake of nutrients by pod and seed. It 
appears that sink activity during seed filling would exert an 
active polarizing force on the roots, even under severe water 
stress. 
Growth Rates of Soybeans as Related to Water Stress 
Growth analysis is the most practical method of assessing 
net photosynthesis (Iwaki et al., I966). Basic to the calcula­
tion of growth indices such as relative growth rate, relative 
leaf growth rate, net assimilation rate, and crop growth rate, 
is an understanding of the time (t) relationship with leaf 
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Fig. 36. Dry matter accumulation and nutrient uptake patterns 
as a function of time 
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area (A) and dry weight (W) per plant. The choice of a 
mathematical function which can adequately describe this 
relationship is also critical in the regression procedures 
of growth analysis. The exponential equations, as repre-
2 
sented in equations 1 and 2, showed a very good fit, with R 
values greater than 0.99 in both the cases; leaf area and 
dry weight. Regression equations fitted were based on 12 
samples taken during 1976. Each data point was the average 
of 40 plants, so that the sampling errors were greatly reduced. 
Fig. 37 and 38 represent the changes in relative growth 
rate (R) and relative leaf growth rate (G) luring the growing 
season. The relative growth rate was more responsive to 
water stress than relative leaf growth rate. It is evident 
that soybean plants in the uncovered plots showed higher 
growth rates than those in the covered plots due to a better 
plant-water status. Much of the decline in R and G earlier 
in the season can be attributed to an increase in self-shading 
associated with increased leaf area index and low photosyn-
thetic activity of the bottom leaves in the canopy. Rapid 
decreases in R and G during the month of August could be the 
result of a prolonged period of water stress. 
IJet assimilation rate (S) is the net difference between 
the amounts of dry matter assimilated and respired. E, like 
R, has both photosynthetic and respiratory components, the 
relative importance of respiration increasing with plant age. 
Fig. 39 depicts the changes in E during the growing season. 
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Fig. 39• Net assimilation rate as a function of time for the 
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The effect of water stress on the soybean plants in the 
covered plots is evident as E decreases with plant age. This 
agrees with the conclusions of Vaclavik (I967, I969). The 
E showed an increase 75 days after planting in the uncovered 
plots. The uncovered plots were irrigated 6l and 70 days after 
planting. The plants showed a dramatic recovery from stress 
as both leaf area and dry weight of the plants showed greater 
increases. Leaf area started declining 92 days after plant­
ing, whereas the dry wei^ ts increased until 100 days after 
planting and then levelled off. Since E is a net balance 
between respiration and photosynthesis, it is apparent that 
the increase in E is the result of an accelerated production 
rate. Koller et al. (I97O) interpreted the increase in E 
during the latter part of the growing season as a response 
of the photosynthetic apparatus to an increased demand for 
assimilates. 
Crop growth rate (C), as a function of time, is shown 
in Fig. 40. Soybeans in the uncovered plots maintained higher 
crop growth rates than those in the covered plots. Per unit 
ground area, plants in uncovered plots maintained greater dry 
weights, whereas leaf area was declining. As Milthorpe and 
Moorby (I969) and Koller et al. (I970) pointed out, photosyn­
thetic activity is influenced by photosynthetic utilization. 
Eastin and Gritton (I969) also observed increasing C while 
leaf area was decreasing. 
From the above discussion, it is evident that moisture 
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stress has a significant influence on the growth rates of 
soybeans. Plants in the covered plots showed consistently 
smaller growth rates than those in the uncovered plots. The 
increase in net assimilation rate and crop growth rate for 
soybeans in the uncovered plots during the later part of the 
growing season is a little surprising. It is believed that 
these increases are not an artifact of the regression proce­
dures used in the calculation of the growth rates. Such in­
creases have been reported in the literature. In the investi­
gations reported here, during the 1976 growing season, the 
moisture stress pattern showed a linear trend as supported by 
the soil-water potential data. For this reason, even multiple 
regression techniques relating growth indices to weather 
parameters showed a significant correlation between growth 
indices calculated according to regression procedures and 
soil-water contents. However, this would not necessarily be 
the case, if the stress pattern under field conditions is 
more cyclic. Under such conditions, as Buttery (I969) pointed 
out, regression procedures would fail to show the short-term 
moisture stress effects on the growth indices. 
Soybean Growth Rates as Related to Environmental Parameters 
The concepts of growth analysis provide a critical ap­
proach to ecological and physiological studies of environmental 
factors. At present, little information is available on the 
relative influence of different environmental factors on 
161 
soybean growth rates. Several authors, including Blackman 
et al. (1955)t Hodgson (I967), Warren Wilson (I967). Rajan 
et al. (1973)1 and Voldeng and Blackman (1973)» studied the 
effects of different environmental factors on crop growth. 
It seems that basic information could be gained by an examina­
tion of the seasonal variations in vegetative growth and 
development in relation to changes in environmental parameters. 
Of the different growth controlling factors, Hodgson (I967) 
found that both E and R were positively dependent on light 
and temperature whereas Voldeng and Blackman (1973) reported 
that R, G, and E were positively dependent on both radiation 
and mean temperature. But all these studies have been con­
ducted either under controlled conditions or in pots in the 
open. No information is available regarding soil-water status 
in these experiments. Soil-water contents could significantly 
alter the response of the soybean plants to environmental 
parameters under field conditions. 
Growth indices R, G, E, and C calculated at weekly inter­
vals during 1976, which were reported earlier, were used to 
show the relationships between soybean growth rates and 
environmental factors. The independent variables selected for 
this purpose are weekly averages of maximum air temperature C 
(MAXT), minimum air temperature C (MINT), soil temperature at 
15 cm depth C (ST), rainfall in cm (RF), solar radiation in 
ly/day (SRAD), volumetric soil-water contents in cc/cc (YSW), 
and open pan evaporation in cm (OPE). But since OPE integrates 
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the effect of all other variables, it was not included in the 
final model. Multiple regression techniques were used to 
describe the influence of the independent variables on the 
growth indices. 
In Table 30 are represented the regression equations re­
lating the growth indices to environmental factors. Regres­
sion equations were presented only for those models wherein 
the independent variables justified inclusion in the model 
2 by improving the multiple determination (R ) values. However, 
2 the R values for the full model wherein all the variables 
were included were also presented to show the relative im­
portance of the full model. 
In contrast to the earlier work, wherein several research 
workers showed significant effects of radiation, temperature, 
etc., it can be seen that soil water is a very significant 
variable affecting the growth rates. With the exception of 
just one case, soil water showed a significant contribution 
to the model. The reasons for the deviation of the model for 
the crop growth rate for the covered plots, from other models, 
is not known. 
It can be seen that under severe water-deficit conditions 
in the field, growth of soybeans is significantly related to 
changes in soil water. Growth indices based on dry weight 
alone like R, G, and G, as well as S, which is based on both 
dry weight and leaf area, show significant response to changes 
in soil-water contents. R and G show an excellent predictive 
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Table 30. Multiple regression equations relating selected 
growth indices and environmental parameters 
Growth 2 
index Treatment Regression equation R 
R Covered -709 + O.69 (VSW)** 0.88** 
-0.47 + 0.63 (VSW)** - 0.07 (MAXT) 0.91** 
Full model 0.92 
Uncovered -3.00 + 0.44 (VSW)** O.87** 
-4.06 + 0.45 (VSW)** - 0.08 (ST)** 0.96** 
Full model O.98 
G Covered -21.87 + 1.55 (VSW)** 0.88** 
-6.30 + 1.43 (VSW)** - 0.16 (MAXT) 0.91** 
Full model 0.92 
Uncovered -16.64 + I.I7 (VSW)** 0.87** 
2.19 + 1.19 (VSW)** - 0.21 (ST)** 0.96** 
Full model O.98** 
E Covered -4.50 +_ 0.49. (VSW)** 0^8** 
5.16+ 0.42 (VSW)** - 0.10 (MAX35*** 0.85** 
Full model 0.88 
Uncovered 7.38 - 0.16 (VSW) 0.26 
3.61 - 0.31 (VSW)** + 0.10 (MINT)* 0.69** 
Full model O.9O 
C Covered -8.90 + O.I7 (ST) 0.10 
10.38+ 0.75 (ST)**-0.81 (MAXT)* 0.59* 
Full model 0.72 
**Significant at Ifi level, 
*Significant at 5% probability level. 
***Significant at 10^ probability level. 
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Table 30. (Continued) 
Growth 2 
index Treatment Regression equation R 
c Uncovered 73.33 - 3.23 (VSW)»* 0.83** 
20.06 - 3.29 (YSW)**+0.60 (ST)* 0.92** 
30.34 - 2.94 (VSW)**+ 0.68 (ST)** 
- 0.04 (SRAD) 0.96** 
Full model 0.98** 
predictive ability with just two variables» soil-water con­
tents and maximum air temperature or soil temperature (R^ = 
0.91). Uncovered plots, which were under moderate water 
stress, show better correlations than the covered plots. In­
clusion of more than two variables showed little improvement 
2 in R and the full model with all the six variables does not 
show a significant R value. Regarding the crop growth rate, 
the same conclusions as those of R and G are applicable, except 
that the predictive ability of the two-variable model in the 
covered plots is much less than the model in the uncovered 
plots. 
In the case of the net assimilation rates, the covered 
plots show better predictive ability with two variables 
than the uncovered plots. This is probably due to the extreme 
sensitivity of leaf area (which is an important component of 
E) to severe moisture stress. 
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In summary, it appears that in the application of growth 
analysis to explain the influence of various environmental 
parameters, careful precautions should be taken to eliminate 
the effects of variations in soil moisture. Under water-
deficit conditions, changes in soil-water content could have 
an overriding influence on the plant growth rates and could 
mask the influence of other climatic factors. 
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SUMMARY AND CONCLUSIONS 
Field experiments were conducted during two years, 1975 
and 1976, at the Western Iowa Experimental Farm, Castana, to 
evaluate the effects of moisture stress on the growth, nutri­
ent accumulation and stomatal response of soybeans. Three 
plant measurements which have been shown to be sensitive to 
moisture stress, i.e., stomatal conductance, leaf-water po­
tential, and leaf area, were evaluated during 1976, using 
soil, plant and atmospheric observations. Quantitative re­
lationships were drawn between the shoot and root data col­
lected during 1975' Salient features of the investigations 
are summarized below. 
1. Soil-water potential values measured at regular in­
tervals during the growing season reflected an increasing 
trend of soil drying as the season progressed. 
2. Increasing soil dryness was associated with a decline 
in stomatal conductance and leaf-water potential. 
3. The hi^est stomatal conductance values were ob­
tained in the top layer of the canopy with progressively lower 
conductance values as one approaches the bottom layers in the 
crop canopy. 
4. Overall daily means of stomatal conductance showed 
a 100# reduction during the latter part of August because of an 
increasing water deficit. 
5. The diurnal pattern of stomatal conductance values in 
167 
the canopy established the fact that stomatal conductance 
was influenced by the time of the day and canopy depth. 
6. Under the conditions of adequate water supply, the 
stomata opened early in the morning and were open until I600 
hours CDT. With decreasing irradiance thereafter, the stomatal 
conductance showed a rapid drop. 
7. Under water deficit conditions, stomata were open 
only for a short period of two hours in the morning, partially 
open until 1400 hours and then closed completely thereafter. 
8. Stomatal conductance showed a linear response to 
changes in soil-water potential. 
9. Canopy transpirational resistance values showed that 
soybean canopy offers considerable resistance to transpiration 
when the soil-water potential decreases to less than -4 bars. 
10. Relative growth rates of soybeans showed a linear 
decrease with decrease in stomatal conductance. Any reduc­
tion in stomatal conductance below O.35 cm/sec resulted in 
reduced growth rates. 
11. When the soil-moisture supply was adequate, the top 
layer in the soybean canopy exhibited the lowest leaf-water 
potentials. But with a prolonged period of drought, the top 
layer in the canopy had the highest leaf-water potential. 
12. Leaf-water potential measurements at different depths 
in the canopy showed significant interactions between treat­
ment and time. 
13. When the soil-water potential decreased to less than 
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-6 bars, greater decreases in leaf-water potential were 
noticed. 
14. Leaf-water potentials in the lower canopy depths 
showed a better response than the top canopy layer to soil-
water potential. 
15» Relative growth rate of soybeans showed a good 
correlation with leaf-water potentials. 
16. Rapid stomatal closure occurred in the field as the 
leaf-water potentials approached -10 to -12 bars. 
17. Leaf-water potential showed a better response to 
changes in microclimatic variables and soil-water contents 
than the stomatal conductance. A change in energy flux of 
approximately 1.1 ly/min could cause a 10 bar decrease in leaf-
water potential. 
18. Under the conditions of water stress, soil-water 
potential seems to have an overriding effect in influencing 
the stomatal conductance and leaf-water potential values. 
The other atmospheric variables showed less significant effects. 
19. Attenuation of photosynthetically active radiation 
and net radiation in the canopy was accurately described by 
the Bouguer-Lambert law. The regression model accounted for 
more than 95?^ of the variation in all cases. 
20. Net radiation incident on the canopy could be accur 
rately predicted from the measurements of the photosynthetical­
ly active radiation. 
21. Moisture-stress effects on leaf area could be brought 
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about by the dual influence on the leaf size as well as the 
number of leaves and the leaf senescence. 
22. Leaf-area distribution in the canopy showed that 
most of the leaves in the soybean plants were concentrated in 
the top layers of the canopy. The apparent differences in 
leaf-area distribution appear to be mediated by moisture 
stress effects more dominantly than the effects of the varia­
tions in photosynthetically active radiation. 
23. Plant height and leaf area were positively correlated 
(r = 0.95). 
24. Change in unit leaf area showed a good correlation 
with soil-water potentials. 
25. Relative growth rates showed a 50^ reduction when the 
change in unit leaf area showed a drop from 4 cm . 
26. A reduction in leaf-water potential to less than -8 
bars was associated with a large reduction in leaf enlargement 
and, at a leaf-water potential of -12 bars, the growth was 
completely halted. 
27. The leaf-area index could be accurately predicted 
from the data of the leaf dry weight and number of leaves per 
plant. 
28. The top - root ratio of soybeans was 3»8 when the 
plants were in stage V6, and the ratio increased to 9.0 by 
the time the plants reached the stage V15R2. A rapid increase 
in top - root ratio was related to greater dry matter accmul-
lation in tops. 
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29. Total length of roots required to supply water and 
2 2 
nutrients to each m of leaf area ranged from 630 n/m when 
the plants were in stage V6 to 420 m at V18R4 stage. A total 
of 1190 m of roots were required for each m leaf area at V13R2 
stage. Root length was highly correlated with soil-water 
content. 
30. Highest rates of nutrient upteUce per meter of root 
occurred at 40 days after planting. Soybeans showed high rates 
of nutrient uptake during the pod filling stage, even though 
the root lengths were minimum at that stage. 
31. The relative amounts of N, P, and K in the plants 
were slightly greater than the relative amounts of dry matter 
during the vegetative stage of growth. 
32. At maturity, 70 to 80^ of the total N, P, and K in 
the plants was in the seeds and pods as compared to 50^ of 
the dry matter. 
33. Under the effects of severe moisture stress, soybeans 
produced only about 60^ of the dry matter produced in the plots 
which were irrigated twice. 
34. There were significant differences in height, leaf 
area index and dry matter accumulation between the two 
treatments. 
35. In general, nutrient uptake by the soybean plants 
increased until about 85 days after planting, but showed a 
steady decline afterwards. 
36. Soybean leaves accumulated a major portion of N, P, 
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and K prior to the development of seeds. Moisture stress re­
sulted in decreases in nutrient uptake in all components of the 
soybean plant. 
37. Water deficits reduced the relative growth rate, 
relative leaf growth rate, net assimilation rate, and crop 
growth rate of soybeans. 
38. Multiple regression procedures showed that soil-
water content is a very significant variable affecting the 
soybean growth. Growth rates of soybeans showed good predic­
tive ability with just two variables, soil-water content, and 
maximum air or soil temperature. 
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Table 31» Meteorological parameters during the 1975 growing 
season at Western Iowa Experimental Farm, Cast ana 
Open 
pan Solar 
Temperature C Precio. Wind evap. radiation 
Date Max. Min. Cm Kn/day Cm ly/day 
May 12 20.0 7.2 35.4 0.41 
13 20.6 7.8 59.6 0.23 
14 21.1 8.9 111.0 0.86 
15 21.1 2.2 70.8 0.58 
16 25.0 7.8 64.3 0.76 
17 27.8 10.0 151.3 0.91 
18 30.6 13.9 25.8 0.00 
19 32.8 17.8 112.7 1.32 
20 32.8 19.4 177.1 1.07 
21 29.4 13.9 90.1 0.64 
22 32.2 18.3 85.3 0.79 
23 30.6 16.1 0.66 120.7 0.61 
zi 28.3 11.1 106.2 0.91 
25 27.8 16.7 64.4 0.43 
26 24.4 10.0 0.64 120.7 0.05 
27 24.4 7.8 49.9 0.69 
28 22.8 12.8 3.84 53.1 0.28 
29 18.9 12.2 82.1 0.03 
30 18.9 9.4 96.6 0.13 
31 21.7 5.0 38.6 0.58 
June 1 21.7 6.7 0.05 25.8 0.38 
2 26.1 8.3 46.7 0.64 
3 27.2 10.6 0.99 41.8 0.61 
4 26.1 15.0 122.3 0.76 
5 27.2 13.3 64.4 0.79 
6 26.7 13.9 70.8 0.86 
7 25.0 10.0 40.2 0.71 
8 24.4 12,8 0.20 177.1 0.43 
9 21.1 12.2 0.86 144.8 0.38 
10 20.0 8.6 25.8 0.25 
11 20.6 11.1 0.81 54.7 0.05 388 
12 26.1 9.4 0.20 46.7 0.51 669 
13 28.3 13.9 45.1 0.84 654 
14 27.2 15.0 0.51 37.0 0.43 144 
15 22.2 10.6 32.2 0.56 664 
16 31.1 13.9 0.97 69.2 0.53 692 
17 25.6 17.2 70.8 0.74 686 
18 21.1 12.8 3.05 93.3 0.64 189 
19 28.3 18.9 164.4 0.33 400 
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Table 31. (Continued) 
Open 
pan Solar 
Temperature 0 Precip. Wind evap. radiation 
Date Max. Min. Cm Ks/day Cm ly/day 
June 20 29.4 17.2 1.68 115.8 0.58 454 
21 28.9 18.3 141.6 0.56 471 
22 26.1 15.6 1.75 69.2 0.81 526 
23 25.6 16.7 0.20 8.1 0.28 300 
24 27.2 15.6 0.08 40.2 0.28 442 
25 29.4 20.0 111.0 0.61 670 
26 29.4 19.4 0.08 140.0 0.58 466 
27 29.4 13.9 22.5 0.81 721 
28 31.1 20.6 88.5 0.74 655 
29 31.1 20.6 64.4 0.64 566 
30 31.1 19.4 56.3 0.61 675 
July 1 31.1 20.0 70.8 0.66 613 
2 31.1 18.9 46.7 0.81 643 
3 33.9 17.8 22.5 0.61 577 
4 34.4 18.3 12.9 0.46 768 
5 35.0 21.7 0.08 32.2 0.86 620 
6 30.6 18.3 40.2 0.71 665 
7 30.6 20.0 20.9 0.69 658 
8 30.0 16.7 24.1 0.71 547 
9 27.8 14.4 29.0 0.69 657 
10 28.3 15.0 61.2 0.71 672 
11 25.0 10.0 0.18 46.7 0.61 526 
12 22.8 8.3 43.4 0.71 711 
13 26.7 7.8 16.1 0.46 602 
14 30.0 11.1 53.1 0.71 610 
15 32.8 15.0 128.8 0.97 660 
16 33.3 20.6 220.6 1.14 671 
17 33.3 18.3 186.8 1.12 661 
18 33.9 22.8 204.5 1.09 . 610 
19 33.3 17.2 0.91 67.6 0.94 737 
20 26.7 15.6 24.1 0.76 608 
21 31.1 13.9 32.2 0.64 565 
22 29.4 17.2 66.0 0.53 435 
23 30.0 17.2 1.85 48.3 0.61 519 
24 29.4 15.0 0.15 67.9 0.84 713 
25 27.2 11.1 32.2 0.61 643 
26 32.2 15.0 85.3 0.84 654 
27 32.2 17.2 32.2 0.74 616 
28 31^ 7 18.3 99.8 0.69 588 
29 34.4 20.0 77.3 0.69 632 
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Table 31. (Continued) 
Open 
pan Solar 
Temperature C PreciD. Wind evap. radiation 
Date Max. Min. Cm Kn/day Cm ly/day 
July 30 33.9 19.4 111.0 0.91 635 
31 32.8 20.6 90.1 0.86 557. 
Aug 1 31.7 19.4 1.09 104.5 0.84 510 
2 28.3 16.7 48.3 0.69 618 
3 30.0 14.4 24.1 0.56 615 
k 32.2 16.7 72.4 0.97 651 
5 30.0 16.7 16.1 0.56 561 
6 28.9 13.9 96.6 0.84 646 
7 30.0 8.9 209.3 0.94 592 
8 31.7 17.8 I69.I 0.89 519 
9 33.9 18.3 17.7 0.58 510 
10 32.8 17.8 0.51 125.5 0.84 583 
11 31.1 17.2 0.20 99.8 0.41 366 
12 35.0 20.0 0.18 62.8 1.07 511 
13 34.4 14.4 45.1 0.53 533 
l4 27.8 13.9 30.6 0.61 459 
15 28.3 16.1 14.5 0.33 450 
16 27.8 14.4 0.53 22.5 0.51 578 
17 29.4 13.9 24.1 0.66 809 
18 29.4 13.9 2.87 62.8 1.04 26 
19 30.6 17.8 127.1 0.08 485 
20 34.4 20.0 104.6 0.64 548 
21 34.4 21.7 72.4 0.81 574 
22 33.9 19.4 99.8 0.84 538 
23 34.4 23.9 159.3 0.84 470 
24 33.3 20.6 0.91 136.8 0.84 488 
25 32.8 12.8 70.8 0.84 458 
26 25.6 9.4 22.5 0.53 524 
27 28.9 14.4 148.1 0.41 333 
28 38.9 18.3 138.4 0.10 306 
29 28.9 16.7 0.20 80.5 0.46 462 
30 27.8 15.6 0.18 40.2 0.58 329 
31 29.4 13.9 128.8 0.56 505 
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Table 32. Meteorological parameters during the 1976 growing 
season at Western Iowa Es^ erimental Farm, Castana 
Open 
pan Solar 
Temperature C Precip. Wind evap. radiation 
Date Max. Min. Cm Kny^ day Cm ly/day 
May 12 21.7 9.4 1.47 40.2 0.30 
13 17.2 5.6 48.3 0.23 
14 21.1 6.1 29.0 0.30 
15 23.3 8.9 83.7 0.66 
16 17.2 8.9 0.74 104.6 0.53 
17 23.3 6.1 54.7 0.36 
18 21.7 3.9 91.7 0.81 
19 30.0 9.4 77.3 0.89 
20 31.1 15.6 189.9 1.04 
21 31.1 15.6 94.9 1.04 
22 25.6 10.6 6.68 46.7 0.30 
13.3 8.3 2.54 273.7 0.81 
24 19.4 7.2 48.3 0.20 
25 20.6 8.3 41.8 0.58 
26 23.9 6.1 61.2 0.66 
27 24.4 9.4 35.4 0.64 
28 26.7 13.3 82.1 0.51 
29 26.7 11.1 61.2 0.79 
30 22.2 11.1 32.2 0.41 
31 25.6 12.2 8.1 0.48 
June 1 27.2 14.4 19.3 0.48 
2 26.7 13.3 69.2 0.74 
3 26.7 11.7 54.7 0.81 
4 28.3 10.0 54.7 0.61 
5 28.3 14.4 75.6 0.99 
6 27.8 14.4 59.6 0.99 
7 28.9 14.4 40.2 0.66 
8 30.0 15.6 49.9 0.86 
9 30.6 17.8 164.2 1.02 
10 32.2 19.4 148.1 0.86 
11 35.0 16.7 133.6 0.51 
12 34.4 21.1 144.8 1.52 
13 32.2 12.8 53.1 0.89 
14 28.9 15.0 260.8 1.04 
15 16.7 11.1 120.7 0.46 
16 27.8 7.2 56.3 0.61 
17 28.9 17.8 0.10 256.0 0.94 
18 23.9 8.3 162.6 0.56 
19 24.4 5.6 8.1 0.36 
20 28.3 12.2 86.9 1.07 
650 
657 
582 
#5 
589 
I25 
717 
722 
689 
689 
625 
667 
646 
650 
662 
689 
560 
437 
403 
681 
472 
671 
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Table 32. (Continued) 
Open 
pan Solar 
Temperature C Precip. Wind evap. radiation 
Date Max. Hin. Cm Kn/day Cm Ly/day 
June 21 27.8 13.3 
22 28.9 14.4 
23 27.8 14.4 
24 24.4 14.4 
25 30.0 10.0 
26 31.7 18.3 
27 26.7 9.4 
28 29.4 13.3 
29 29.9 15.0 
30 25.0 10.6 
July 1 26.1 11.1 
2 26.7 12.8 
3 26.7 12.2 
4 27.8 13.3 
5 28.3 10.2 
6 31.1 15.0 
7 31.7 15.6 
8 32.8 16.7 
9 37.2 21.7 
10 35.6 23.9 
11 35.0 23.9 
12 35.0 20.6 
13 34.4 22.2 
14 34.4 20.0 
15 29.4 17.2 
16 26.7 7.8 
17 30.6 11.7 
18 31.1 14.4 
19 32.8 22.8 
20 31.7 21.1 
21 31.1 17.8 
22 31.1 18.9 
23 36.1 18.9 
24 33.3 15.0 
25 32.8 15.0 
26 30.6 18.3 
27 28.9 18.3 
28 30.0 18.9 
29 30.0 15.6 
30 31.1 18.3 
31 28.9 15.0 
0.30 
0.46 
0.13 
0.10 
0.36 
0.51 
186.8 1.24 704 
112.7 1.09 723 
120.7 0.89 439 
160.9 0.51 464 
80.5 0.74 639 
185.2 0.74 423 
48.3 0.33 583 
24.1 0.57 562 
104.6 0.94 626 
67.6 0.76 706 
30.9 0.66 569 
64.4 0.94 504 
40.2 0.38 370 
101.4 0.61 552 
11.3 0.89 733 
38.6 0.69 518 
46.7 0.74 619 
91.7 1.17 600 
185.2 1.07 639 
185.2 1.65 7(6 
40.2 0.66 645 
40.2 1.17 601 
96.6 1.09 640 
32.2 0.81 549 
72.4 0.61 425 
56.3 0.81 697 
32.2 0.69 649 
99.8 0.94 625 
222.2 0.76 334 
88.5 0.53 3% 
40.2 0.58 
16.1 0.56 
32.2 0.74 615 
37.0 1.02 651 
91.7 1.17 731 
64.4 0.41 347 
32.2 0.30 326 
48.3 0.56 668 
16.1 0.48 503 
104.6 0.81 407 
40.2 0.61 721 
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Table 32. (Continued) 
Open 
pan Solar 
Temperature C Precip. Wind evap,^  radiation 
Date Max. Min. Cm Kn/day Cm ly/day 
Aug 1 25.6 10.6 98.2 0.61 332 
2 28.3 11.1 80.5 0.56 621 
3 28.3 11.1 103.0 0.99 561 
4 32.8 18.3 201.3 0.84 573 
5 31.7 18.3 0.08 191.6 0.71 462 
6 25.6 13.3 209.3 0.51 552 
7 30.6 8.9 66.0 0.84 619 
8 27.2 13.9 133.6 0.86 492 
9 31.1 15.6 259.2 0.66 571 
10 37.2 19.4 185.2 0.84 474 
11 33.3 16.7 140.1 0.61 % 12 33.3 13.3 120.8 0.51 
13 33.3 15.0 80.5 0.61 497 
14 31.1 16.1 0.13 127.2 0.36 368 
15 25.6 13.9 183.5 0.38 343 
16 26.7 13.9 0.56 153.0 0.36 285 
17 34.4 26.1 220.6 0.61 628 
18 35.0 19.4 167.4 0.86 609 
19 34.4 19.4 135.2 0.84 614 
20 32.8 13.9 124.0 0.79 576 
21 33.9 17.2 124.0 0.99 609 
22 35.0 17.8 88.6 0.99 619 
23 33.9 18.9 83.7 0.81 489 
24 30.6 16.1 64.4 0.74 493 
25 30.6 16.7 75.7 0.64 U 26 36.1 17.8 
21.1 
136.9 0.97 
27 35.6 246.3 0.94 594 
28 28.3 9.4 172.3 0.97 604 
29 32.2 11.1 93.4 0.91 604 
30 33.3 17.8 207.7 1.17 562 
31 32.2 16.1 193.2 0.71 513 
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Table 33* Percent nitrogen in different components of soybean 
plants in the uncovered plots during 1975 
Days after 
planting Leaf Stem Petiole Pod Seed 
5.48 3.70 4.51 
5.72 3.21 3.65 
5.18 2.38 3.04 
4.73 2.28 2.46 
4.72 1.67 2.06 
4.82 1.38 1.68 
4.61 1.12 1.46 3.36 
4.22 1.36 1.33 3.30 
3.93 1.30 1.10 3.20 
3.58 1.21 1.09 2.32 6.07 
3.47 1.30 1.04 2.11 6.59 
2.95 0.90 O.P7 0.95 6.05 
1.98 0.60 0.64 0.94 5.84 
II 
50 
65 
72 
94 
101 
108 
114 
Table 34. Percent phosphorus in different components of 
soybean plants in the uncovered plots during 1975 
Days after 
planting Leaf Stem Peiole Pod Seed 
29 0.59 0.46 0.57 
36 0.60 0.44 0.50 
43 0.58 0,38 0.47 
50 0.48 0.36 0.42 
58 0.42 0.35 0.36 
65 0.41 0.29 0.28 
72 0.40 0.29 0.27 0.48 
79 0.34 0.31 0.24 0.45 
86 0.32 0.30 0.20 0.41 
94 0.28 0.30 0.18 0.45 0.61 
101 0.24 0.24 0.14 0.19 0.66 
108 0.23 0.21 0.12 0.14 0.61 
114 0.18 0.16 0.11 0.11 0.66 
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Table 35> Percent potassium in different components of 
soybean plants in the uncovered plots during 1975 
Days after 
planting Leaf Stem Petiole Pod Seed 
29 1.90 2.23 3.08 
36 2.25 2.48 4.15 
h 1.88 2.48 3.63 
50 1.75 2.30 3.23 
58 1.43 1.55 2.18 
65 1.43 1.20 1.93 
72 1.38 1.08 1.69 2.33 
79 1.18 0.93 1.88 2.25 
86 1.06 0.78 1.25 1.95 
94 0.94 0.68 1.08 1.85 2.13 
101 0.90 0.65 1.00 1.65 2.28 
108 0.98 0.62 0.80 1.80 1.90 
114 0.58 0.58 0.73 1.75 1.70 
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Table 36. Percent nitrogen in different components of soybean plants for the two 
treatments during 1976 
Days 
plant- Leaf Stem Petiole Pod Seed 
g Gov. Uncov. Gov. Uncov. Gov. Uncov. Gov. Uncov. Gov. Uncov 
37 4.92 4.98 2.03 2.03 3.07 3.07 
44 4.60 4.69 2.15 2.18 2.82 2.82 
51 4.45 4.34 1.61 1,60 2.64 2.36 
60 4.31 3.90 2.03 1.60 2.04 1.74 
64 4.30 4.10 1.71 1.53 1.94 1.90 
71 4.16 4.25 1.53 1.43 1.68 1.69 
78 3.54 4.28 1.22 1.49 1.52 1.39 
85 4.10 4.48 1.43 1.15 1.39 1.29 3.19 3.27 
92 3.48 3.94 1.54 1.26 1.15 1.16 3.04 3.45 
99 3.31 3.73 1.51 1.37 1.04 1.03 2.37 2.93 5.77 6.13 
106 3.28 4.12 1.51 1.51 0.99 1.01 1.81 2.30 6.21 6.59 
111 2.61 2.86 1.41 1.37 0.92 0.99 1.44 1.98 5.97 6.25 
121 1.95 1.96 0.70 0.93 0.65 0.58 0.80 0.63 6.41 6.66 
Table 37- Percent phosphorus in different components of soybean plants for the two 
treatments during 1976 
Days 
^^ 2nt- Leaf Stem Petiole Pod Seed 
ing Gov. Uncov. Gov. Uncov. Gov. Uncov. Gov. Uncov. Gov. Uncov 
37 0.38 0.40 0.35 0.34 0.40 0.39 
44 0.37 0.38 0.28 0.29 0.36 0.33 
51 0.33 0.34 0.21 0.22 0.29 0.28 
60 0.33 0.29 0.20 0.19 0.21 0.20 
64 0.27 0.29 0.19 0.19 0.21 0.22 
71 0.26 0.29 0.19 0.19 0.17 0.19 
78 0.21 0.29 0.17 0.19 0.13 0.18 
85 0.17 0.26 0.13 0.16 0.11 0.19 0.32 0.42 
92 0.17 0.23 0.15 0.17 0.09 0.15 0.25 0.33 
99 0.13 0.19 0.12 0.16 0.10 0.10 0.17 0.23 0.53 0.60 
106 0.13 0.17 0.11 0.16 0.06 0.13 0.10 0.17 0.44 0.51 
111 0.10 0.16 0.10 0.14 0.05 0.11 0.08 0.13 0.42 0.46 
121 0.07 0.11 0.05 0.14 0.04 0.07 0.03 0.07 0.43 0.45 
Table 38. Percent potassium in different components of soybean plants for the two 
treatments during 1976 
Days 
l^ant- Leaf Stem Petiole Pod Seed 
ng Gov. Uncov. Gov. Uncov. Gov. Uncov. Gov. Uncov. Gov. Uncov 
37 1.45 1.43 1.39 1.24 2.19 2.12 
44 1.18 1.01 1.08 0.89 1.80 1.42 
51 0.96 0.89 0.83 0.73 1.45 1.22 
60 0.83 0.79 0.74 0.60 1.16 0.99 
64 0.97 0.86 0.66 0.60 1.12 l.o4 
71 0.96 1.05 0.78 0.87 0.91 1.23 
78 0.88 0.92 0.56 0.89 0.93 1.21 
85 0.87 1.01 0.47 0.74 0.75 1.14 1.85 2.10 
92 0.93 0.91 0.50 0.59 0.80 1.07 1.73 1.91 
99 0.73 0.91 0.41 0.49 0.66 0.66 1.36 1.65 1.89 2.07 
106 0.63 0.82 0.31 0.37 0.58 0.83 1.14 1.46 1.84 1.84 
111 0.60 0.73 0.36 0.36 0.45 0.74 1.07 1.16 1.56 1.77 
121 0.51 0.57 0.36 0.36 0.47 0.65 0.87 1.14 1.65 1.79 
